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PREFACE 

The authors of this hook are conscious that the treatment of many 
of the subjects touched upon has been extremely brief. Nevertheless, 
it is their hope that few points of importance have not been men- 
tioned and that few observational results have not been enumerated, 
so that the reader will be given a comprehensive survey of the sub- 
ject. In the chapters of astrophysical interest we have not described 
the apparatus in detail, nor have we ventured far into physical 
theory, but we have endeavoured to present an accurate description 
of the actual observations and of the deductions which may imme- 
diately be made from them. 

We are indebted to Professor W. W. Campbell and to M. Lyot who 
have kindly sent us photographs which we have reproduced in this 
book. M. Lyot has also given permission to use certain unpublished 
measures. 

It is a pleasure to record our grateful thanks to Professor R. H. 
Fowler for the care with which he has edited the book, to Professor 
W. H, McCrea who has read the chapter on the Equilibrium of the 
Chromosphere in both manuscript and proof and offered constructive 
suggestions at both stages, and to Mr. 0. R. Davidson who has road 
through the whole of the manuscript and assisted us with the chapter 
on the Deflexion of Light by the Sun’s Gravitational Field. 

F. W. D. 

R, V. d. R. W. 
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I 

INTRODUCTION 


The General Appearance of a Total Eclipse of the Sun, The 
gradual darkening of the Sun in full daylight, culminating in its 
complete obscuration for a few minutes, followed by an equally slow 
return to complete brightness has in previous ages brought alarm 
and apprehension. Among savage tribes the beating of tom-toms 
and other incantations are still used to propitiate the dragon which 
is supposed to devour the Sun. Even now in India, where eclipses 
are predicted in the local press, ancient ceremonies are still carried 
through as a matter of ritual. It is no wonder that animals are 
disturbed, and that birds sometimes go to roost. Though the cause 
is completely understood, a total eclipse of the Sun is a most impres- 
sive and awe-inspiring spectacle to every intelligent beholder. 

Eor a short time after the commencement of an eclipse no appre- 
ciable diminution of light is noticed, but an observer provided with 
darkened glasses sees a black sector on the west side of the Sun. 
This gradually increases for about an hour and a half. The tempera- 
ture falls a few degrees and a slight change in the colour of the light 
gives a weird aspect to the landscape. The total obscuration arrives 
very suddenly, bringing with it a dramatic change. Red flames 
called prominences are seen proceeding from the darkened disk. 
A white aureole called the Corona encircles the disk with streamers 
stretching in some directions to several degrees. Some of the brighter 
stars and the planets Mercury and Venus appear in the sky which is 
now as bright as at twilight. The spectacle lasts but a few minutes 
and ends as suddenly as it began. A bright crescent appears on the 
west of the Sun, which increases till the eclipse is over in another 
hour and a half. The Frontispiece shows the sequence of the phases 
of an ecHpse. 

The rarity of the occurrence of a total eclipse at any point on the 
Earth’s surface accounts in no small measure for the interest it 
arouses. Most people never see one in the course of their lives. In 
London no total eclipse was visible in the nineteenth century or will 
be in the twentieth. 

Partial eclipses are of much more frequent occurrence, but are of 
a much less striking character. The light of the Sun is, youghly 

3506.19 T» 



2 INTKODUCTION Chap. 1 

speaking, 500,000 times as great as that of the Moon, which is com- 
parable with the light of the Corona. If half the Sun’s light is cut 
off, the difference is hardly noticed, and is not nearly so great as that 
produced by a cloudy sky. Even when the eclipse is annxilar, and at 
its central phase only a bright rim is seen, the light may well be 
1/1 00th part of the total sunlight, or 5,000 times that of the full Moon, 
and quite sufficient to hide both the Corona and prominences. 

The Cause of Eclipses. Their Importance in Astronomy. 
The cause of eclipses of the Sun is that the Moon in its monthly orbit 
round the Earth is sometimes in the direct Hne between these two bodies. 
It happens that the Moon as seen from the Earth has an apparent 
diameter nearly equal to that of the Sun. Owing mainly to the varia- 
tion in distance of theMoon from the Earth, its apparent diameter is 
sometimes greater, sometimeiSj,smaIler than that of the Sun. In the 
first case the ecHpse is total, in the second annular. This seemingly 
trivial circumstance of the near equality of the diameters of Sun and 
Moon as seen from the Earth gives rise to the most interesting pheno- 
mena of eohpses. Had the Moon’s diameter been 2,000 miles instead 
of,2,160, neither prominences nor Corona would have been seen, and 
we should have known little of the Sun’s atmosphere and its imme- 
diate surroundings. 

Astronomers were attracted to the study of eoHpses in the first 
instance for the purpose of their accurate prediction. After the 
publication of the Principia, the value of eclipses was mainly re- 
garded as affording information on the movement of the Moon. By 
comparison of records of times and places of historic eclipses, Halley 
di[scovered a gradual but very slow shortening of the month, which 
I has ultimately been traced to a lengthening of the day due to the 
friction of the tide^. 

The Total Eclipse’s Importance in Astrophysics. About a 
hundred years ago tj^e sight of the red flames created an enthusiasm 
among astronomers which still persists and leads them to distant 
parts of the Earth, In 1868 the red flames were found to be due to 
hydrogen, and a method was devised of seeing them in full sunlight. 
Two years later a sudden change from a dark line to a bright line 
spectrum was discovered by spectroscopic observations at the instant 
the eclipse became total. This was at first regarded as the ‘reversing 
layer’ which caused the dark lines in the solar spectrum. Further 
investigation revealed important differences between the character 
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of the solar spectrum and that which is now known as the chromo- 
spheric spectrum. Many lines were found to be enhanced, i.e. their 
intensity was found to correspond with the higher temperature of 
the electric spark than the arc. Later it was found that these par- 
ticular lines came from ionized elements, and the difficulty was 
finally resolved by consideration of conditions of pressure and tem- 
perature at the Sun’s surface. Meanwhile the spectrum of the 
Corona was found to give a continuous spectrum with a few bright 
lines of unknown origin reaching to a few minutes of arc from the 
Sun’s limb, and at greater distances to show a few of the stronger 
Fraunhofer fines. Polariscopic observations indicated a radial polari- 
zation of the Coronal fight, showing that its fight was, in part, 
sunlight scattered by small particles. 

Visual observations have been largely replaced by photographs in 
recent years. Direct photographs of the form of the Corona have 
confirmed its variation of form in the solar cycle indicated by spots 
and prominences. Photographs of the spectrum of the chromosphere 
have been responsible for establishing differences between the chromo- 
spheric spectrum and that of the normal solar surface. The Corona 
spectrum has been shown to agree in colour with that of the Sun, a 
result confirmed generally by bolometric observations. 

Total eclipses have also made it possible to photograph the field 
of stars surrounding the Sun and thus to verify the prediction from 
the generalized theory of relativity of the deflexion of light by the 
Sun’s gravitational field. 

Lunar Eclipses, Lunar eclipses have only a minor interest and 
importance. The spectacle is, however, one of great beauty, though 
it has not the impressiveness of a total solar eclipse. Before the 
eclipse, with the Moon at full, only the brightest stars are seen. As 
the eclipse proceeds, more stars become visible, till at the total 
phase, which may last for hours, the sky is filled with stars. Lunar 
eclipses have an historic importance for their clear demonstration of 
the rotundity of the Earth. They provided, too, the means of an 
accurate determination of the Moon’s distance, and thus established 
the much greater distance of the Sun and planets. In recent times 
the measurement of the rapid change of temperature of the Moon 
as it comes into the shadow have led to interesting speculations on 
the nature of the Moon’s surface. 



II 

CAUSE OF ECLIPSES 

Eclipses occur when the Sun, Earth, and Moon are in the same 
straight line or nearly so. If the Moon lies between the Earth and 
the Sun, over some part of the Earth a segment of the Sun’s disk is 
hidden by the Moon. If, on the contrary, the Earth lies between the 
Sun and Moon, the shadow of the Earth cast by the Sun covers a 
portion or the whole of the Moon. If the Moon moved round the 
Earth in the ecliptic or plane in which the Earth moves round the 
Sun, eclipses both solar and lunar would occur every month. But 
the plane of the Moon’s orbit is inclined at 5° 8' to the ecHptio, so 
that eclipses can only occur when the alinement of the three bodies 
takes place in their orbits near the line of intersection of the two 
orbital planes. If we think of these planes as circles bn the celestial 
sphere, the pomts of intersection are the nodes of the lunar orbit, 
ascending when the Moon’s orbit crosses the ecliptic from south to 
north and descending in the converse case. 

The conditions under which eclipses can occur are readily seen from 
the diagram. The Sun and Earth are spheres whose centres are at 
S and E, Enveloping these spheres are two cones, the exterior one 
with vertex at V and the interior one with vertex at Z7. The Moon 
is shown in several positions, K, L, K\ U, 
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If the Moon is at K it will just avoid obscuration of any part of 
the Sun’s light on the Earth. If, however, it faUs inside the cone, 
there will be a total eclipse at some part of the Earth. In aU inter- 
mediate positions a partial eclipse of the Sun will occur. 

When the Moon is in opposition, it may fall completely inside the 
shadow or Umbra of the Earth as at L'. In this case it will be seen 
totally eclipsed from aU parts of the Earth turned towards it. If, 
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Chup, n (’Al'HK C»K KCUIJ'KKS 

howtmT, it is at. K', it will just avuul in (hn full hIuuIow. But. 

betwwu the limits K" and // part id the Hun's lif^ht will ho out oil 
in amount iiuireasiiif? to its proximity to the coaiplete shadow. In 
t his ease the oelipse is Pemmhml. 

Wo will examine in the first plaeo tlie eonditions under whieh an 
oelipse will oeeur when the Hun and Mt»on are at their mean dislanees 
from the Karth. 

JjOt Ji he the radius of Ihe Hun, eipial to 432,000 miles, 

n ^ jj Iijarth, ,, ,, 

n P *1 Moon, ,, l,0Hf) ,, 

lait he the mean disfanee of the Hun from the Marth, eijual to 

92.870.000 miles. 

Let d he the mean distanee of tlie Moon from the Marth, etpuil to 
238,900 mites. 

lad he the somi-vertieal angle of the eone at the vertex ( V in 
Fig. 1). 

Then Hint! (/e --?■)//>, so that t/ 15' hi". 

The distanee of the eentre of the Karf h from the vertex, A’K, is 

859.000 miles. 

The liiKtance of the eentns of the Moon at eonjunetion frotu the 
vertex, MV is 1,097,900 miles. 

The distauTO of the eentre of the Moon at oiiposition from the 
vortex, M^V is (120,100 miles. 

The radii ()f the seetioiiH of the (tone at ilf and if' are 5,092 
miles and 2,859 miles nwpectively. InsiMietion of the iigurti allows 
us that a jmrlial oelipse of the Hun will oeeur at eonjunetion if the 
oontr© of the Moon is nearer to M tluui t he position K, whore 
KM 5,0924-1,080 . 9,142 miles, subtending an angle of 88*3' at 
the Earth’s centre: that is, if tho gemwmtrie position of the Moon 
diffors hy less than 88*3' from that of the Hum 

Again, a total eelipso of tho Hun will oeeur if the Moon Is nearer 
to M than L, whore ML « 5,092 1,080 3,982 miles, suhtonding 

57'3' at the Earth’s oontr®, that is, if the goowntrio |Kisition of th® 
Moon differs by loss than 57*3' front that of tho Hurt. 

Again K‘M‘ 2,859 | 1,080 3,939 niik's, subtending an angle 

of 59*7' at tho Earth’s surfaoe, and L'M* ■ 2,850 — 1,080 —> 1,770 
miles, subtending 25*9'. Aoconiingly a total eclipse of the Mtam will 
ooour at opposition if the {stsition of the mitre of th® Moon diflws 
by l«i« than 20'6' from the imsition opposite to that of the Sun. In 
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a similar manner it can be shown that there will be a penumbral 
eoHpse if the centre of the Moon comes within 115^ of the position 
opposite to that of the centre of the Sun. 

These limiting values apply only when the Sun and Moon are at 
their mean distances from the Earth, and the true values depend on 
the varying Moon’s distance and to a lesser degree on the varying 
distance of the Sun. 

Ecliptic Limits. The Moon touches the cone circumscribing the 


N 


Earth and Sun very near the time of its conjunction in longitude 
with the Sun. In Fig. 2 JV is the node of the Moon’s orbit, B and M 
the centres of the Sun and Moon when their angular distance apart 
is least, B' and M.' at their conjunction in longitude. As the motion 
of the Moon in longitude is 13 times that of the Sun, we may take 
B'M' as equal to BR = BMseoi, where i is the inclination of the 
Moon’s orbit and has the mean value 5° 8'. The longitude of the 
node is then obtained from the formula 

sinA = tan 6 cot i, 

where b stands for B'M', the latitude of the Moon at opposition. 

In the four cases considered above B'M' is 88-7', 57-6', 66-9', and 
26-7', and the corresponding values of A are 16-6°, lO-S®, 10'6°, and 
4-8°. 

These are known as the eoMptio limits for mean values of the Moon’s 
distance. Sun’s distance, and inclination of the ecliptic. They vary 
considerably from eohpse to echpse principally on account of the 
change in the distance of the Moon, and to a less extent to a change 
in the Sim’s distance and the inclination of the Moon’s orbit. 

A partial echpse is possible when the conjunction of the Sun and 
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Moon in longitude is as far from the node as 18° 31', and is certain 
to occur when it is less than 15° 21' from the node. A lunar eclipse 
is possible when the Moon in opposition is 12° 16' from the node, and 
must occur when it is less than 9° 30'. 

The Number of Eclipses that can occur in a Year. Although 
of little importance, it is a matter of curious interest to find the maxi- 
mum and minimum number of eclipses that can occur in a year. 
This is readily inferred from the ecliptic limits just given. The Sun 
moves nearly 1° a day, and consequently will move a smaller distance 
than the interval from — 18° 31' to -|-18° 31' in a month. It is 
therefore possible to have a solar eclipse at two successive new Moons 
and a lunar eclipse between them. A lunar eclipse at successive full 
Moons is not possible. 

The Moon’s nodes regress on the ecliptic in a little under 19 years, 
or approximately 20 days a year. Ascending and descending nodes 
follow alternately after 173 days. The synodical month — ^i.e. the 
mean interval from new Moon to new Moon — ^is 29-6 days. The 
interval between the nodes is therefore 4 days less than six lunations. 
It is possible for three nodes to occur in the same year with a margin 
of 19 days distributed between the beginning of January and the 
end of December. If an eoMpse of the Moon fell 4 days before the 
node in January, it will fall on the node near the end of June, and 
4 days after the node in December. There may thus be three eclipses 
of the Moon and four of the Sun in the year, one after the lunar 
eclipse in January, two including the lunar eclipse in the middle of 
the year, and one preceding the lunar eclipse in December. 

It is also possible for two eclipses of the Sun and one of the Moon 
to occur at successive nodes, and a fifth eclipse of the Sun to precede 
the node in December. As the first lunar eclipse of the year could 
not have been earlier than January 16, the one following the Decem- 
ber node being 364 days later will be thrown into the next year. 

Thus it is possible to have in one year 

4 eclipses of the Sun and 3 of the Moon (partial, total or 
aimular), 

or 6 eclipses of the Sun and 2 of the Moon (partial or total). 

A solar eoKpse must occur near each node but a lunar eclipse need 
not necessarily do so. 

. The minimum number of eclipses in a year is therefore two and 
both are solar. 
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Total and Annular Eclipses. When the Moon lies directly be- 
tween some point of the Earth’s surface and the Sun, the eclipse 
may be total— i.e. the Moon may completely obscure the Sun, or it 
may be annular, i.e. the Moon whl be enclosed in the Sun’s disk and 
a bright annulus will surround the dark Moon. 

If the vertex of the conical shadow of the Moon falls inside the 




Earth, then at any point within AB of Fig. 3 the Snn will be com- 
pletely ohscnred. 

In the second diagram, at any point in CD a bright annnlus of 
the Sun will enclose the dark Moon. 

If p be the radius of the Moon and R that of the Sun, ilf F === *^ ~ D, 

JlC’’^ p 

where 2> is the distance of the Sun and Moon. 

p = 1,080 moles, E — 432,000 miles. Thus MV == DjSQQ. 

The mean distance of the Moon from the Sun when it lies between 
the Sun and Earth is 92,630,000 miles, varying 1 /60th part either way 
on account of the eccentricity of the Earth’s orbit. MV — 232,000 
±4,000 miles. The mean distance of the Moon from the Earth’s 
centre is 239,000 miles, or about 235,000 miles from the point on the 
Earth’s surface nearest the Moon. Thus V will sometimes be between 
the Earth and the Moon, and sometimes inside the Earth or even 
beyond it. 




PLATE 1 
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The minimum distance of the Moon from the Earth’s centre is 
221,700 miles. If the direction of the axis of the shadow is normal 
,to the Earth’s surface, the place where the shadow falls is 217,700 
miles from the Moon. The largest value of ilfF is 236,000 miles and 
thus V is 18,300 miles behind this place. The angle of the cone is 
31' 28" and the breadth of the shadow is 167 miles. The breadth of 
the shadow cannot exceed this amount, but the length will be greater 
when the projection is oblique. 

In the other extreme case the vertex of the shadow may fall as 
much as 20,300 miles short of the Earth’s surface. The angle of the 
cone is 32'32" and at normal incidence gives a breadth of 192 miles. 

The angle which the breadth of the shadow subtends at the Moon 
is a measure of the excess of the Moon’s diameter over that of the 
Sun at the place of observation. For the maximum shadow of 167 
miles, this amounts to 2' 38", Similarly, for a maximum annular 
eclipse the Moon’s apparent diameter is less than that of the Sun 
by 2' 40". 

Plate 1 shows the position of the shadow at the eclipse of April 22, 
1715, at 13™ after noon at London. The breadth of the shadow is 
about 100 miles. Figures on the central line indicate the times at 
which the eclipse was central at these places. Thus the shadow was 
travelling over the Earth at a rate of nearly 30 miles a minute. 

Canon der Finsternisse. Oppolzerf has given very complete 
tables from which the elements of all eclipses from — 12071srovember 10 
(Julian Calendar) to 2161 November 17 (Gregorian Calendar) may 
be calculated. These include 8,000 eclipses of the Sun and 5,200 of 
the Moon. They are accompanied by maps showing the tracks of 
the central line for aU total or annular solar eclipses which are north 
of latitude —30°, These tracks are drawn through three calculated 
places when the eclipse is total or annular at sunrise, midday, or 
sunset. The tracks are correct on the scale of the maps for modern 
eclipses, but for ancient eclipses may be a few degrees in error. They 
were calculated from Hansen’s tables of the Moon and Leverrier’s 
of the Sun, based on Oppolzer’s:^ ‘Tables of Syzygies of the Moon’. 
Giazel,|| from the study of ancient eclipses, found empirical correc- 
tions to Oppolzer’s tables of syzygies which were employed by 

t Canon der Mnaternme (Vionna, 1887). 

J * Syzygientafeln fiir don Mond*, Aatr* Gea* 16 (1881). 

II Aatrononmche Vntermchun&en iiber Finaterniaae, (Acad, of Vienna, 1883-4.) 

8696.10 n 
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Schram'j* to give corrections to Oppolzer’s Canon der Finsternisse, 
The whole subject was reviewed later by Schoch,:|: who used New- 
comb’s tables of the Sun and Brown’s of the Moon, and gives for 
the Sun a secular term +2-5" and for the Moon +12*0" 

From Oppolzer’s canon the average number of eclipses of the Sun 
in 100 years is found to be 238. Of these 
84 are partial, 

66 are total, 

77 are annular, 

11 are partly annular and partly total. 

The average number of lunar eclipses in 100 years is 164, of which 
71 are total. 

These figures are in fair accordance with what would be expected 
from the ecliptic limits. 

t Vienna K. Ahad. Denlc, Band 56 (1889). 

j Neuhearbeitung der Syzygientafeln von Oppolzer, Bechen-Institut, Berlirx-Dahlem. 
Band 2, No. 2 (1928). 
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TirK PRKDU'TJON ()1‘’ KCiLlRSES 


Prediction of a Lunar Eclipse. 'I’lio prf^Uct iou of llio lime of a 
lunar (H'lipw' is a coinimrat ivoly Himplo mat ft'r, aiul a fijraphio Holui iou 
correct to within a few iniuuteH in readily ol)taine<l from the data in 
tho Nautical Almanac, It is convemumt to uhc paralla.xew and angular 



r. 


diamoterrt I'alhcr than cUHtancc'H and diainetc'j’H in miles or kilometres, 
m them! art' the (pjanfities whicli are tahulaknl, 

U>t A be the wntn! f»f the tSun, 

M tiie wntre of the Earth, 
r the vertt'je (if the envelojnng cone, 

KMK* tlie Htwtion e>f the shadow at the Moon’s distance, 

At H the iK>ints ctf contact of the cone witii Bun and Earth. 

The angle KKM is one-half tlie angle which the umhral shadow 
subtends at the c>entit! of the Earth, 

KEU UKK'-liVK, 
also nVK Am HAKt 

HO that KKM BKK AKH S HAK. 

But BKK is the angh! tho Eartli's rfwUns subtonds at tho Moon j 
i.e. tho parallax of tho Moon, or w'. 

Am k the m!m{-dianteter of the Hun as wM!n from tho centre of 
the Earth, {»r n, 

BAE k the angle subtendwl by a rtwHus of tlio Earth at tlu! dktant® 
of tho Hun; i.e, the Hun’s parallax, or w. 

We have aeotmUngly that tho angular tliaraotor of tho umbral 
ahadow at the dktano© of the Moon equals w'— 
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Similarly, the angular diameter of the penumbral shadow equals 

It is necessary to find the times when the Moon, whose semi- 
diameter is s', enters and leaves the shadow, the position angles of 
the points of contact with the shadow, and the course of the centre 
of the Moon through the shadow. 

Running through the Nautical Almanac it is easy to see when the 
Moon is full near one of its nodes. For example, in 1931 on April 3*0 
the Moon’s age is 14'7^ when its latitude is — 1' ; and on September 
27*0 its age is 14*8'^ when its latitude is ~~3'. 

On Apr. 3-0'i Moon’s long. == 194° 33' 58", Sun’s long. = 12° 16' 54" 
„ Sept. 27*0^ „ „ = 4° 50' 19", „ „ = 182° 55' 8" 

Hence, the difference between the longitude of the centre of the 
shadow and that of the Sun is 2° 17' 4" and 1° 56' 11" respectively. 
Thus an eclipse of the Moon falls near each of these dates. 

It is now convenient to turn to right ascension and declination 
as the Moon’s right ascension and declination are calculated for each 
hour in the Almanac, and the Sun’s right ascension and declination 
are readily found by interpolation. The Sun’s and Moon’s apparent 
right ascension and declination taken from the Nautical Almanac 
for Universal Time, U.T., (reckoned from midnight at Greenwich) for 
the four times April 2^ 18^ 2^^ 20^ 2"^ 22^ 3"^ 0^ are as follows: 


U-.T. 

App. R.A, 

App, B,A, 

m- 

In arc. 

d. h. 

Apr. 2 18 

20 

22 

Apr. 3 0 

h. m. s. 

0 44 15-26 

44 33-47 

44 51-68 

45 9-89 

h, m. B. 

12 40 14-66 

44 41-63 

1 49 8-84 

53 36-31 

' m. s. 

~4 0-60 
+ 8-16 
+ 4 17-16 
+ 8 26-42 

-CO-2 

-1-2-0 

-i-64-3 


C7.T. 

O' 8 App. Dec, 

([’5 App, Dec. 

m- 

In arc. 

d. h. 

Apr. 2 18 

20 

22 

Apr. 3 0 

0 / // 

+ 4 45 31*2 

47 26-6 

49 22-0 

51 17-4 

0 / // 

-3 68 29-0 
-4 34 20-3 
-6 10 3-7 
-6 45 38-3 

/ // 

-1-47 2-2 
-flS 6-3 
-20 41-7 
-66 39-1 

f 

-1-47*0 

4-13*1 

-20*7 


The differences are taken in the sense, Moon— Point opposite the Sun< 
The Moon’s horizontal parallax on April 2^ 20*’ is 61' 3-2" and its 
semi-diameter 16' 38-1". The Sun’s semi-diameter is 16' l^" and its 
parallax 8-8". The semi-diameter of the shadow (umbra) is therefore 
61' 3‘2''-|-8-8" — 16' 1'4" = 46' 10-6" or 46-2'. 
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The graphical determination of the points of contact is made 
by plotting in rectangular coordinates the differences of right ascen- 
sion and declination between the Moon and a point opposite the Sun 
Since the declination is small it is a good rough approxima- 
tion to project the celestial sphere on to the tangent plane in this 
simple way ; the scale of one degree of declination on the paper must 
be set equal to the scale of one degree of right ascension multiplied 
by the cosine of the mean declination. The cone of the umbra and 



Jh 0 Lunar Eclipse of t93i April!. 
Fig. 6 


the outline of the Moon are represented by small circles on the 
celestial sphere and approximately by circles on the tangent plane. 
Pig. 6 shows the representation of the eclipse of 1931 April 2. The 
umbra is represented by a circle centred at the origin with a radius 
equal to 45*2'. The path of the Moon’s centre is found by plotting 
its position at 18 ^ 20 and 22 and joining these points by a straight 
line. Contacts are found by drawing circles of radius 16*6' to touch 
the umbra. The times of contact are found by linear interpolation 
between 18^' and 22 and are shown in the figure. The eclipse is 
central at 19^ 55*^ U.T. ; the sidereal time at Greenwich is 8^ 35”^^ 
and as the Moon’s apparent right ascension is 12^46*^ the eclipse 
will be central on the meridian in terrestrial longitude 62° 30' B. of 
Greenwich. 

The Prediction of Solar Eclipses. The appearance of a solar 
eclipse varies from one part of the Earth’s surface to another, in 
contrast to the lunar eclipse which is the same at all places ; hence 
the prediction of the circumstances of a solar eclipse at any place 
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is a more complicated matter than that of a lunar eclipse. The 
method of prediction generally adopted for^ a solar eclipse is due to 
Bessel. This method depends on the use of a fundamental plane 
defined as a plane passing through the Earth’s centre and perpendicu- 
lar to the hne joining the centres of the Sun and the Moon. Rect- 
angular coordinates are chosen such that the origin is the centre of 

the Barth and the is parallel 

to the line SM joining the Sun and 
the Moon, so that the xy plane is the 
fundamental plane. The (positive) 
axis of X passes through the (east- 
ward) intersection of the equator 
and the fundamental plane (Big. 7). 
It is clear that the yz plane contains 
the Earth’s pole. 

Let a, S, 77, r, be the right ascension, 
declination, parallax, and distance 
from the centre of the Earth of the 
Moon, and let a', S', tt', r', be the 
corresponding quantities for the Sun, 
and a, d the right ascension and 
declination of the line joining the 
centres of the Sun and Moon. The coordinates of the centres of the 
Moon and Sun are as follows : 

Moon 

X = rcos8sin(a— a) 
y = r{sin8cos(i!'~"Cos8sinci cos(a— a)} 
z = r{sm8smd!+cosScosciIcos(a— a)} 

Sun 

x' == r' cos8'sin(a'“a) 

y' — r'{sm8'cosd!— cos8'sind!cos(cx'— a)} 

= r'{sin8'smd+cos8' coscZ oos(a'— a)} 

But since the z-oxis is parallel to the line joining the centres of the 
Sun and the Moon, we must have x ^ x' and y — y\ The quantities 
a and d may be calculated from this fact. In an eclipse a'. S' are 
nearly equal to a, 8, and the exphcit determination of a, d makes 

use of this. Write b = r// = The value of b is about 1/400. 

smTT > 


Z 
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Then from the equations x = x' and y = y' we find on ignoring 

(a-a7and(S-S')^: 

a = a'— j^cos8secS'(ckj— a'), 

The quantity d is the declination of the axis of the shadow cone, and 
it is tabulated for every ten minutes during the eclipse in the Nautical 
Almanac, but instead of a a derived quantity /x is given, /x being the 
hour angle at Greenwich of the axis of the shadow cone. If the 
sidereal time at Greenwich is 8, then 8— a. 

The angles /i, /a of the penumbral and umbral cones may be found 
from simple geometry. If R, k are the radii of the Sun and Moon, 
we have 

sin/i = (penumbral cone), 

R—h 

sin /2 = (umbral cone). 

The radii of the shadows on the fundamental plane may also be 
found by simple geometry. These radii are defined with an algebraic 
sign which is positive if the vertex of the cone concerned has a positive 
z coordinate, i.e. lies between the centre of the Earth and the eclipse : 
we find then 

radius of penumbral cone = 2 :tan/i+A;sec/i, 

radius of umbral cone = zta.nf^—’kBeof^. 

Notice that is always positive but is positive or negative: if 
is negative the eclipse is total and if the eclipse is annular is posi- 
tive, but that there are small positive values of Zg for which the 
eclipse may just be total at some points. 

The Besselian Elements of the Eclipse. These are the co- 
ordinates on the fundamental plane of the axis of the shadow cone, 
namely (a;, y): the Greenwich hour angle and declination of the 
direotion[pf the axis of the shadow, fx and d ; and the angles and radii 
on the fundamental plane of the penumbral and umbral cones, or 
fv A) hi h- The Nautical Almanac publishes the Besselian 
elements for every ten minutes of U.T. during the eclipse, the unit 
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of length being the Earth’s equatorial radiuH. loIUiwiug tiihk’* 
is an abstract of the elements of the cdipHc^ oJ 1 thiuo ! \K 


U,T. 


h. 

3 

4 

5 

6 
7 


tan/j^ = +0*00460, tan/jj ^ } i)‘()045H* 


-1-25594 

-0-G9929 

-0*14203 

+0-41398 

+0-97049 


+0-04098 

+0-59007 

+0-55195 

+0-50686 

+0-40137 


sin d 


+0-39755 

5(} 

57 

59 

00 


(^os d 

\ 0-0175H 
r»H 
57 
57 
5(5 


221 43 5t5 
239 43 53 
254 -13 50 
209 -13 47 
2H4 13 U 


h 

1 0-5 ion 
1^7 
im 
ill 
no 


h 


(HJir.lH 

5(ri 

490 

470 

47i( 


It wiU be noticed that d changes very slowly, aiul /t (ipproxiinat^'ly 
16° an hour. 



The Coordinates on the Fundamental Plane of a Point on 
the Earth’s Surface. Let JR he any point on the Earth ’« surfao© 
and .4JJJ5 a quadrant of the geoid from equator A to pole B pawing 
through B. The geoid is the surface of a tideleas ocean and the direo- 
tion of gravity at lit is the normal to the geoid at S. 

The geoid is the ellipse 

= 1, where =» O‘09064. 

The gradient of the normal at JS is =3 IL__. 

dy aj(l--e») 

The geocentrio latitude of B is Z.BOA or where tan «» 

' ' W' 
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y 

The geographic latitude of R is ^RO'A or where tan <j} = 


The eccentric angle of R is lQOA or where tan^i == 




The geographic latitude is obtained from the eccentric angle 
through tan^ == tan^jL(l“^^)““^* 

The geocentric latitude is obtained from the eccentric angle from 


pOOS^' = COB^i, 

pBm(j>' = ^{l—e^)sm(f>i = 0-99664 sin 


the unit of distance being the Earth’s equatorial radius and p the 
distance of R from the Barth’s centre 0 (Big. 8). 


z 



Fia. 9 


Now let A be the longitude of R west of Greenwich. Then the 
hour angle at R of the axis of the shadow cone is ({jl — A). 

Big. 9 represents the celestial sphere on which Z is parallel to the 
position of the shadow cone, X and T the Besselian axes of which 
X is on the Equator. The Earth’s pole P accordingly lies on YZ. 
The point R represents the longitude west of Greenwich and the 
geographic latitude of the observer. Then ^ 

ZPR = /x-A and PR = 90°~f , ' PZ = 90°-^d!. 

From this figure one can deduce readily that if r), ^ are the co- 
ordinates of the point R on the Earth’s surface, we have 
i = pcoaRX = /3COS(^'sin(/x— A), 
rj = pcosRY = psin^'cosd— pcos^'sindcos(/X‘— A), 

S = pcoaRZ = /osin^'sind+pcos^' oosdcos(fx~A). 

D 


3695.19 
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Using the eccentric angle these become 

^ = cos^iSin(ja— A), 

ij = o-99664:cosc?sin^i— sin6icos^iCos(f(.— A), 

£ = 0-99664sm(^sia<^i+cos<icos^icos(/x.— A). 

Calculation of the Be^innin^ and End of an Eclipse. In 

Fig. 10, which represents a 
plane passing through the 
observer at G parallel to the 
fundamental plane at some 
instant, let A {x,y) be the 
intersection of the axis of the 
shadow cone with the plane, 
and let 0 {i, rj) be the position 
of the observer. The origin is 
chosen such that the axis OZ 
passes through the Earth’s 
centre. The umbral and 
penumbral cones intersect the 
fundamental plane in circles 
centred on .4, namely {X—x)^-{-{Y—y)^ == L^, where L — — ttm.fi 

or — ^tan/j. The commencement or end of an eclipse is marked by 
the passage of the appropriate circle through C. 

The distance of the observer from the axis of the shadow is the length 
AC represented by the quantity m, where = (t — 3;)®+ (tj — y)^. If 

the direction GA makes an angle M with the axis OF we have 
(y—r]) = mG08M, (x — ^) = msinJlf 

(the position angle being reckoned from north through east, or from 
OF through OX). 

Now the magnitude and direction n, N of the vector AN represent- 
ing the motion of the centre of the shadow relative to the observer 
are given by 

{y—'fi) = ncoaN, {x—i) — namN. 

Although the point (f, rj) is fixed on the Earth’s surface, it is not fixed 
on the fundamental plane which is rotating relatively to the Barth. 
We have in fact 

$ = /lCOS^lCOS(/L<.— A), 

= /icos^isin(ju.— A)sind, 
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where /i is the diurnal motion of the quantity jx. Now [x = S—a and 
the sidereal time 8 varies much more rapidly than the quantity a, 
so that jx is practically the variation in hour angle of an object 
stationary in right ascension or 16' per minute of time. Accordingly 
we get for the variation of ^ and -q per minute of time : 

i — sinl5'cos94iCos(p.— A) = 0-004363 cos 0ioos(p.— A), 
rj = sinl5'cos9Sj^sin(/.i— A)sind = 0-004363 1 sin d. 

The quantities x and y are found in practice by taking differences 
from the tabular values of x and y in the Nautical Almanac. 

Now suppose that the point B on the edge of the shadow passes 
through (7 at a time t minutes after the state of affairs depicted in 

Fig. 10. Then the vector J50 is nt. Let LNAB — ift. Projecting AC*, 
AB on to AD (J_ BC) we get msiu{M—N) = Lmxip, this equation 
determining the angle t[i. Projecting AO, AB on to CD we get 

nt = LGoat[j — mcos(Af — N). ' 

Numerical Example. Prom the map shown in the 1936 Nautical 
Almanac (p. 22) it appears that the eclipse of 1936 June 19 ends at 
e** in the Crimea. We shall here compute the time of end of the 
eclipse at Simeis Observatory, for which 

A = -2'’ IS™ 69-38^ (f> = 44“ 24' 11-6", 

logpsin^' = 9-84272, logpcos^' = 9-85470. 


The Besselian elements of this eclipse have been reproduced on 
p. 16. Prom the values of p. and d given there we proceed to com- 
pute rj, ^ for the Simeis Observatory at B** U.T. 


We find 


I = -0-67776 


^—x = —0-63512 


7} = -I-0-54744 
C = -1-0-48769 
^ = -1-0-001003 
= -0-001176 


.,j— y = -0-00461 


i-x = -0-008274 
ij—y — — 0-000427 


Next, the quantities m, M n, N must be computed. We get 

m = 0-53614 
M = 89“ 31' 


n = 0-00829 




Fig, 11. EcHpse of 1936 June 19 
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Finally L = +0-53876 giving tp = 2° 27'. 

We get nt — 0-00363 so that t = +0-438"’. The eclipse ends at Simeis 
atU.T. S'* O'" 26®. 

Centre of Track of Total Eclipse. The centre of the eclipse 
at any instant occurs at the point where ^ = x and v) = y; given 
the Besselian elements x, y, y,, and d, we can calculate the latitude 
and longitude of the centre of the eclipse by expressing ^ and. tj in 
terms of the latitude and longitude and equating them to x and y, 

X = cos^isin(ja— A), 

y — 0-99664cosd:sin^i— sindcoS(^iCos((U,— A). 

The explicit solution for ^ is 

sin^i(l— e^cos^c?) = yeosd^{l—e^)-\-wa.d^{{l—e^eoBH){l—x^)~y‘^}, 
from which can be calculated, and 

sin [fi — A) == X sec 

from which we can calculate A. The geographical latitude ^ can be 
computed from the eccentric angle from the equation 

tan(^ = tan — e®). 

The value of is 0-99664, so that c® = 0-00671. 

For example, we may calculate the 'position of the centre of the 
shadow at 6*’ U.T. on 1936 June 19. 

Here 

X = —0-14263, y = +0-55196, sind = 0-39757, 
cosd = 0-91767, iM = 254° 43' 50". 

We find (/ii = 66° 36', whence ^ = 66° 41'. Using this value of 
(p_A) = -16° 1', giving A = -90° 16'. 

Duration of Eclipse at Centre and Size of Shadow. The 
position of the centre of the shadow for every ten minutes of U.T. 
is tabulated in the Nautical Almanac. The duration of the total 
phase in minutes is given by 

— 2(?a— Stan/a)/^ 

for all points on the central fine. This duration is also given in the 
Nautical Almanac. In the example given above, 1936 June 19 at 
6**, we have for <l>i = 66° 36' and {fi — A) = — 16° 1', ^ = 0-81868. 
This gives — 2(2g— ^tan/g) == +0-01730 (with the values of Zg 
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tan/a given in the N.A.). In calculating n from iv-y)^ 

note that ^ _ 0-004363 cos <)ii cos(ju.— A), 

and ri = 0-004363^^sind 

for the centre. Then n = 0-006976, giving a duration of 2-48 
minutes or 2™ 29®. 

The shadow of the Moon on the Earth has a breadth 2(^2— £ tan/g) 
in a direction perpendicular to the Sun’s azimuth. In the direction of 
the Sun’s azimuth it is lengthened by projection by a factor equal to 
the cosecant of the Sun’s altitude, or, treating the Earth as spherical, 
the major axis of the elliptic shadow is 2 (i! 2 — ^tan/ 2 )/C. 

Using Hayford’s value of 3,963 miles for the Earth’s equatorial 
radius, we find 83-9 miles and 68-6 miles for the major and minor 
axes of the ellipse at 6** on 1936 June 19. 

The boundaries of the hand over which the eclipse is total may be 
found approximately as follows : 

At Greenwich time t a point ^ on the edge of the shadow is 
given by {rj-y)^ = {k- 1 tan/ 2 )^. 

The envelope of these circles is found by combining this equation 
with {i—x){^—x)+{T)—y){rj’-y) = 0, 

for the variation of is negligible, as is that of ^ tan/ 2 , V 

may be assumed to be the same as at the point x, y on the central 
line. 

Thus = ±(1!2— Ctan/ 2 )cosiV, 

= =F(?2-*Stan/2)siniV‘, 


where 


tanJV' = 




and S may be taken to have the value which it has at the point x, y 
on the central line. 

The points when the echpse begins or ends at sunrise or sunset are 
obtained with sufiS.cient accuracy by a graphical solution. The direc- 
tion of Z is on the horizon. The coordinate ^ is zero and, assuming a 
spherical earth, = 1. The points of intersection of this circle 
with the shadow gives the position of | and t] 

for all the times for which x and y have been calculated. Then 
and ^i-A are given by = ^ cosd 

sin(ju— A) = ^mc<f>. 


and 
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Exact solutions for the various circumstances of eclipses are given 
in Chauvenet’s Astronomy. Simplifications of the formulae are given 
by Comrie,t hut a number of subsidiary quantities are stiU required 
which to a certain extent make the problem seem rather complicated. 
The formula on p. 21 offers a convenient mode of calculation for 
all points on the central line, as the factor 1— e^cos^tZ may be 
taken as constant throughout the eclipse. The diagram taken from 
the Nautical Almanac of 1936 shows the general features of a solar 
eclipse. 


t M.N.R.A,S. 93, 176 (1933). 



IV 

THE SAROS 

Chaldean astronomers discovered that eclipses, both solar and lunar, 
reoux after 223 months or 18 years 10 or 11 days, depending on the 
number of leap years in the interval. This discovery was probably 
facilitated by the use of a lunar calendar. From the accession of 
Nabonassar, king of Babylon, in 747 b.o. a record was kept of astro- 
nomical phenomena occurring each month. The recurrence of eclipses 
was known in the sixth century B.o.f According to Herodotus, 
Thales predicted an eclipse which has been dated by modern astro- 
nomers as occurring in 585 b.o. on May 28. If this is correct, Thales 
used the Saros for his prediction. 

This remarkable cycle arises from a relationship between the 
length of the month — ^i.e. the interval from new Moon to new Moon 
or fuU Moon to full Moon — and the period of revolution of the 
Moon’s nodes. As seen in Chapter 11, eclipses only occur when the 
Moon is new or full near one of the nodes of its path. 

The mean length of the month from full Moon to full Moon is 
29-53059 days. If the Moon’s orbit were stationary, the Sun would 
pass through corresponding nodes of the Moon’s orbit at intervals 
of one year, but owing to the regression of the nodes of the Moon’s 
orbit round the ecliptic, the Sun passes in fact through corresponding 
nodes in a period shorter than one year, namely, 346*62 days. 

Now 223x29*53059 days := 6585-32 days 

and 19x346-62 days = 6585-78 days, 

so that after an interval of 6585- 32 days, new and full Moons will recur. 
If the new Moon were actually in the node at the beginning of one 
Saros, it will precede the node by 0*46 day at the beginning of the next. 
In this time the Sun moves through 0-46/346-62 of 360° or 29', and will 
thus be only 29' from the node at the time of new Moon. Thus eclipses 
will recur in a very long sequence — ^viz. until the Sun has had time to 
move so far away from the node that it is outside the ecliptic limit. 

There is an additional relationship which makes the Saros still 
more remarkable. An eclipse of long duration follows an eclipse of 
long duration, the change from one to a second eclipse of the sequence 

t ‘ The Calendar anarticle in the Ncmtical Almanac for 1931, by Dr. Fotheringham. 
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being very small. This arises from the fact that the Moon’s distance 
and consequently its apparent diameter has changed but a small 
amount in the interval of a Saros. The orbit of the Moon has a 
large eccentricity, but the ellipse revolves so that its apse or nearest 
point to the Earth makes a complete revolution in 8*85 years. Owing 
to this forward movement the Moon is nearest to the Earth at inter- 
vals of 27*55455 days. If this number be multiplied by 239, we 
obtain 6585*54 days, differing only 0*22 day from the Saros. In this 
time the Moon only moves between 2° and 3°, and its diameter at 
the most can only change 3". The eccentricity of the Sun’s orbit is 
small, but as the Saros is 11 days later a change of 5" in the diameter 
is possible in April or October, when the distance is changing rapidly. 
Generally the changes in apparent diameter are much smaller. Thus 
in six eclipses of long duration of the present century we find for 
semi-diameters of Moon and Sun calculated by Sadler at the Nautical 
Almanac Office: 



Moon 

Sun 

Duration 


f // 

/ ft 

i m. 

1901 May 18 

16 36*1 

16 48*4 

6*6 . 

1919 May 29 

37*6 

46*6 

6*8 

1937 June 8 

38-7 

46*2 

7*1 

1966 Juno 20 

39-6 

44*3 

7*2 

1973 June 30 

40-6 

43*8 

7-2 

1991 July 11 

41*2 

43*9 

7*3 


The remarkable character of the Saros is best seen by comparing 
the dates and durations in successive intervals of 18 years 11 days. 
The Saros for 1900-18 is given below in comparison with that for 
the following period. In this table the longest duration of the eclipse 
is given in minutes of time whore the eclipse is total or annular and 
for partial eclipses the fraction of the area of the obscured portion 
of the Sun is given. For lunar eclipses the greatest fraction of the 
area of the eclipse is given for partial phases, and the magnitude of 
a total eclipse in a corresponding manner. 

Examination of this table is instructive, as showing the general 
relationship between solar and lunar eclipses. In the years 1904, 1908, 
1911, and 1916, and the corresponding years in the next cycle, there 
are two total or annular eclipses of the Sun and none of the Moon. 
In 1902, 1906, 1913, 1916-17, 1917, 1924, 1928, 1931, and 1936 there 
are total eclipses of the Moon between two partial eclipses of the Sun. 
The close relationship in the duration of the totality in successive 
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Eclipses in ike Saios, 1900 May 28 to 1918 June 8, compared mtli those 
in the succeeding Saros 


Solm Ethpsca 


m 01 mag 


Luna) ICchpses 


mag 


1000 May 

28 

1918 June 

8 

T 

22, 

2 4 

Jimo 

13, 

Juno 

21 

P 

0 

00, 

0 

14 

Nov 

21 

Doc 

3 

A 

66, 

7 1 










1001 May 

18 

1919 May 

29 

T 

66, 

0 8 










Nov 

11 

Nov 

22 

A 

106, 110 

Oot 

27, 

Nov 

8 

P 

0 

23, 

0 

18 

1002 Api 




P 

007, 


Apr 

22, 

:May 

3 

T 

1 

34, 

1 

22 

May 

7/ 

1920 May 

18 

P 

0 80, 

0 97 










Oct 

31 

Nov 

10 

P 

0 70, 

0 74 

Oct 

10, 

Oot 

27 

T 

1 

46, 

1 

40 

1903 May 

29 

1021 Api 

8 

A 

18, 

17 

Api 

11, 

Api 

22 

P 

0 

97, T 

1 

07 

Sept 

21 

Oot 

1 

T 

2X, 

19 

Oct 

8, 

Oct 

10 

P 

0 

87, 

0 

94 

1004 Wai 

17 

1922 Mai 

23 

A 

70. 

78 










Sept 

9 

Sept 

21 

T 

6b, 

60 










1006 Mai 

6 

1023 Mai 

17 

A 

77, 

79 

I Fob 

10. 

Mai 

3 

P 

0 

41, 

0 

38 

Aug 

30 

Sept 

10 

T 

37, 

3 0 

Aug 

14, 

Aug 

20 

P 

0 

29, 

0 

17 

1006 Peb 

22 

1924 Mar 

6 

P 

0 54, 

0 68 










July 

2n 

July 

31] 

P 

0 34, 

0 19 

Aug 

3, 

Aug 

14 

T. 

1 

63, 

1 

01 

Axig 

20/ 

Aug 

30 

P 

0 32, 

0 43 









1007 Jan 

14 

1926 Jan 

24 

T 

23. 

26 

Jan 

28, 

Eob 

8 

P 

0 

72, 

0 

74 

July 

10 

July 

20 

A 

88. 

7 2 

July 

24, 

Aug 

4 

P 

0 

02, 

0 

76 

1908 Jan 

3 

1920 Jan 

14 

T 

42, 

42 









Juno 

28 

July 

fl 

A 

3 8, 

3 9 










Beo 

23 

1927 Jun 

3 

A 

-T ,A 

08 










1909 June 

17 

June 

29 

T 

08, 

08 

Juno 

3, 

Juno 

16 

T 

1 

10, 

1 

02 

Deo. 

12 

Deo 

24 

P 

0 54, 

0 66 

Nov 

28, 

Doo 

8 

T 

1 

37, 

X 

30 

1910 May 

9 

1928 May 

19] 


veiy shoit 

May 

23, 

Juno 

3 

T 

1 

10. 

1 

26 



June 

17] 

I 

P 

0 04 









Nov 

2 

Nov 

12 

P 

0 86, 

0 81 

Nov 

18, 

Nov 

27 

T 

1 

13, 

1 

16 

1911 Apr 

28 

1929 May 

9 

T 

60, 

6 1 










Oct 

22 

Nov 

1 

A, 

3 8, 

40 










1912 Apr 

17 

1930 Api, 

28 

A 

-T.A 

-T, 

Api 

1, 

Api 

13 

P 

0 

10, 

0 

11 

Oot 

10 

Oot 

21 

T 

23. 

19 1 

Sept 

25, 

Oot 

7 

P 

0 

12, 

0 

03 

1913 Apr 

6 

1931 Apr 

18 

P 

0 43, 

0 61 1 

Mai 

22, 

Api 

2 

T 

1 

68, 

1 

61 

Aug 

31] 

Sept< 

,121 

i ^ 

0 16, 

006 

Sopt 

16, 

Sopt 

20 

T 

1 

44, 

1 

43 

Sept 

29/ 

Oot 

llj 

1 P 

0 83, 

0 90 








1914 I?eb 

26 

1932 Mar 

7 

A shoit.A 

shoit 

Mar 

111 

Mai 

22 

P 

0 

02, 

0 

07 

Aug 

21 

Aug 

31 

T 

22, 

17 

Sept 

4, 

Sopt 

14 

P 

0 

86, 

0 

08 

1916 Fob 

14 

1933 Feb 

24 

A 

2^1, 

1 6 








Aug 

10 

Aug 

21 

A 

14, 

2 1 










1910 Feb 

3 

1934 Fob 

14 

T 

20, 

29 

Jan 

10, 

Jan, 

30 

P 

0 

14, 

0 

12 

July 

30 

Aug 

10 

A 

64, 

0 6 

July 

16, 

July 

26 

P 

0 

80, 

0 

67 

Deo 

241 

1936 Jan 

6' 

1 ^ 

0 01, 

0 00 








1917 Jan 

23/ 

Feb 

3] 

1 p 

0 72, 

0 74 

Jan 

8, 

Jan 

19 

T 

1 

37, 

1 

30 

June 19 1 

June 

1 30 

IP 

0 47, 

0 34 

July 

4, 

July 

10 

T, 

1 

02, 

1 

70 

duly 

19J 

July 

30 

p 

0 00, 

0>23 








Deo 

14 

Dec 

26 

A abort, A 

. shoit 

Deo 

28. 

Jan 

8 

T 

1 

01, 

1 

02 


cycles IS especially well brought out, A nearly total oolipse of the 
Moon in 1903 Apnl 11 is succeeded by one just total m 1921 April 22, 
The last eohpse of a cycle occurred on 1902 April 8, and the first 



Chap IV 


27 


the SARDS 

of a HOW cycle began on 1928 June 17 In aU other cases an eclipse 
occurred in both cycles 1900-18 and 1918-3C 
^’ho eclipse of 1902 Apiil 8 was the last of a cycle of 70 echpses, 
beginning a d, 6C0 January 3, when a small partial echpse occurred 
near tlie Soutli Pole This was followed by 12 partial echpses gradii- 
ally iiioi easing in size and travelhng northward fioni ad 668 to 



AD 700 I’hose weio followed by 19 annular echpses fiom ad 784 
to a 1) 1090 , then by 6 eclipses from 1108 to 1181 winch wex’e annular 
or total, then by 19 total eclipses from A d 1199 to a d 1623, and 
linally by 21 partial eclipses from a u 1641 to A d 1902, which be- 
came less and loss, till the sliadow m 1920 ]ust missed the North Pole 
In a similar manner if we follow the lunar echpse of magnitude 
0'23 on 1901 October 27 and 0 18 on 1919 November 8, we find that 
it began as a partial eclipse near the South Pole on 1126 July 6, and 
was followed by 8 partial eclipses , it was then followed by 26 total 
eoliiisos from 1288 to 1739 attaining greatest magnitude in 1631, 
and lollowod by 19 partial eclipses, the last being a very small one 
which will occur near the North Pole on 2082 February 13 
'L’Jio mnnbei ol repetitions of solai eclipses is more than 70 and of 
lunar eolipsos more than 60 over a range of 1,300 or 900 years 
ap])roximatoly in the two oases. 

Anotlior loaLuio in the Saros to which attention may be drawn is 
tlio regular change in longitude at successive eclipses In the mterval 
oJ‘0'32 day the Earth turns nearly thiough 120°, and the eclipse tracks 
are di8]ilaoocl westward by approximately this amount Fig 12 
shows the olfeot in the six long eclipses of the twentieth century 

I fiofoioiipo may bo modo lo an ailiolo in JVaiMre, June 18, 1928, by Jaoluon The 
aatno nuiTibor aontiiins & aouoa ol intoi eating mtioloa by oabionoTnera mid phyaicieta. 
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Metonlc Cycle. The synodic month, i o. the mean interval from 
new Moon to new Moon, is 20'63069 days, and the tropical year is 
306*24:22 days. Thus 236 synodic months contain 0939 69 days and 
19 tropical years contain 6939 60 days. The Sun and Moon thoiefoio 
both letnrn to the same longitude after 19 yeais But 20 levolutiona 
of the Moon’s node take 6032 40 days, If the Moon was at its node 
at a given date, it will bo 7-20 days or 7*6° from the node after 
19 years have elapsed. Thus a short cycle of 1 or 6 eclipses may 
occur at intervals oi 19 yoars. This cycle is of intoiest because the 
eclipse occms in the same pait of the sky. Thus the favourable field 
in the Hyades for the deflexion of light in 1919 May belonged to 
a cycle which started m 1881, and will continue till 1938, Reference 
to the table on p 20 shows lioquent leoiirrenco of eclipses m 19 years 
at the same time of year 



ECLIPSES OE THE MOON 

Lunar Eclipses in Antiquity; the Shape of the Earth. Eclipses 
of Uio Moon woro of great importance m ancient times as they revealed 
the spherical form of tlie Eaith and later permitted an estimate of 
the distance of the Moon fiom the Earth 

Parinonides, aphilosophor of the Pythagoiean school who floimshed 
about 600 n o., taught that the Earth was of spherical form He 
probably made tins gieat discovery fiom the repoits of travellers 
tliat more stars booame ciroumpolai as they went North and new 
stars became visible as they went South Towards the end of the 
fifth coiitury oolipsos of the Moon woie attributed by Pythagoiean 
])hilosophers to the Moon’s passage through the shadow of the Earth. 
I’liis explanation was somewhat weakened by their hypothesis of 
anollior body , tlio ‘antiohtlion’, which was assumed to cast a shadow m 
certain oases and thus explain why lunar eclipses were more frequent 
than solar oohjisos Aristotle, whose astronomical knowledge was 
based on Eudoxus and Kalippus, definitely states that as the edge of 
the shadow of the Eai'tli on the Moon is always circular, the Earth 
must bo a sphoio. It seems certain that this doctrine was accepted 
by Orook astronomers at least as early as 360 b o f 

Aristarcluis of Samos, who lived about 260 b o , made an attempt 
to delorinino tho distance of tho Moon from the Earth by compar- 
ing the apparent radius of the shadow with that of the Moon, 
but obtained a wrong msult from an over-estimate of the Moon’s 
diamolor. 

Ilipparohua (160 B,a ), with a more correct value of the Moon’s 
diamotor, obtained a very good value of the Moon’s distance m terms 
of tho Earth’s radius. It is easily seen by drawing the oircumsoribing 
cone of the Sun and Earth that the sum of the parallaxes of the Moon 
and Sun equals the sum of tho angular serai-diameter of the shadow 
and of tho Sun 

Assuming tho distanco of the Sun to be many times that of the 
Moon, its iiarallax is at once found from the apparent radii of the 
shadow and tho Sun 


t Dioyor, Planelaty Systems 
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In the De, RtvolnUomhus of Goj:)exnious the mode of proof used by 
Hipparchus is perhaps repioduced The diagram is copied from that 
woik The centre of the Sun is at D, that of the Earth at if, the 
vertex of the shadow cone at S ADG is the diameter of the Sun, 
QKJS of the Earth, and QMR of the shadow cone at the distance of 
the Moon 

Then OK—QM AD— OK = MK KD Lei ua suppose that the 
distance of the Sun is n times the distance of the 
Moon, Then KD — nM K Also the ap])aient radii 
Q of the Sun and Moon aie neaxly the same Thus 
AD — n times the radius of the Moon 

Thus OK—QM radius of Moon— f?if=: 1 n 

or n ladiusofMoon— Oif = n OK—n QM 

or ?i(radius of Moon+iadius of shadow) 

== radius of Earth. 

Hipparchus found from observation that the 
radius of the shadow was | radius of the Moon 
Thoioforo radius of the Moon = ii(l+l/?i) ladius 
of the Earth As the angular radius of the Moon 
is 16', its distance is 220 times its radius and is 

220 X radius of the Earth. 

Hipparchus assumed that the Sun was 20 or 30 
times the distance of the Moon, and in this way 
obtained an appioximato value of the Moon^a 
distance, and definitely a minimum distance The 
discoveries of the spherical form of the Barth and 
the distance of the Moon aio by far the most important results 
obtained from the study of lunar eclipses 

Colour of the Moon during an Eclipse. The time from the 
entrance of the Moon into the sliadoiv of the Earth to its emergence 
is seldom more than three hours. It is totally eclipsed foi not more 
than half this time At such a time it is seldom, if ever, invisible to 
the naked eye Generally it is of a copper colour. 

As seen from the Moon, the Eaith will bo enclosed by a nariow 
reddish ring, unless the section of the Earth at right angles to the 

f This roferenoo was obtained fiom Beiry’a 8ho)t Hiato 7 y of AHro7io7nyt p ^50 
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diiooiioii of tlio Moon is coveiecl with denso clouds The radius of 
iho goomotrical shadow of tho Earth at the Moon’s mean distance 
iH 4 r and at most 46' A ray of light tangential at the Earth’s surface 
iH Lcfraolod by about 40', and romomhermg that the Sun’s diameter 
iH lO'j tho contro of tlio shadow mil always receive some light 
Foaonkov, \ using such data as are available for temperatuie m the 
Earth’s alinosphore, gives the following table for refiaction and 
abBQiplion for 5,S00 A 


Height 

nej> 

Ahs 

HoigJit 

Hejf 

Abs 

1cm 

t 

m 

km 

i 

m 

0 

30 0 

5 00 

7 

17 0 

2 82 

1 

34 2 

0 00 

10 

124 

1 86 

2 

29 0 

6 40 

14 

7 3 

0 07 

3 

20 4 

too 

21 

IS 

0 26 

4 

23 0 

4 12 

31 

04 

0 06 

5 

20 0 

3 65 

41 

0 1 

0 01 


iro noxf; notes tliat in addition to fcho atmospheiio dispersion for 
difloroiit wftvo-longths thoro is also a dispersion dlijclh, depending 
on tho faoL that owing to tlio sensible diameter of the Sun, light passes 
tlu'ougli tho atmosphoro at heights whore refraction and absorption 


diffor 

I’akuig this into account he finds a somewhat complicated expres- 
sion for the illumination at any point in the shadow ITroin this he 
cloduGOa that the diminution of the intensity for 6,600 A , expressed 
in Htollav magnitudes, is 


fiom c’oatio of ehaflow 
IMu^iiiludo . 


0' 

6' 

10' 

16' 

26' 

41' 

m 

14 68 

m 

14 36 

m 

13 46 

m 

12 26 

m, 

10 10 

TCI 

6 00 


"J'hiH thoorotioal result may bo oompaied with observations made 
at the ooUpsos of 1921. 1924, 1928, and 1931 

Datiion t made visual observations through yellow and green filters 
Ql the oolipsc of 1021 October 16-17 He used a Wollaston doubly 
rol raotnig pnsm and placed tlio two images of the Moon side by side 
Hv use of tt niool ho compared the intensity of the hg near 
Z* X ta Oho ..mbm with OhoO of the uneebpoad of a 
mZ, oTovllh Oho edge m Oho penumbra Then, by additonal 
obsovvdllom, oomiwd Oho jMjnumbm with tlio onoohpsod edge 


t JiiiUcltn 0 / the Amlemv of Sotences, 17 S S -B . No 1 , 1032 
i 0.1i, 173, 700 (1021) 
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the Moon Ho gives the following lesults, conveited into stellar 
magnitudes 


Umbra 

Pc7mmb}a 

Distance 



Distance 



{Jrom centie of 

I e.iooA 


{from ccnt}c of 


i 

shadow) 


6,400 A 

shadow) 

069 

Oale 


m 1 

m 


m 

m 

12' 

98 

116 

40 7' 

02 

i 

ao 

96 

10 4 

42 6 1 

42 

i 

ao 

02 

98 

46 

28 

2 6 

36 

89 

9 4 

60 ! 

16 

1 7 

40 

72 

73 

00 1 

06 

06 

40 7 

02 

0 2 

70 ! 

01 

0 1 




73 4 

00 

00 


Extrapolating to the centre of the shadow ho finds for yellow light 
10*2'" and for gieon light ISO™ If the eclipse had been central, the 
total light of the Moon would have been equivalent to a star of 
—2 0 ’" 

Dufay and Conder.f observing the eclipse of 1024 August 14 at 
an altitude of 1,070 meties, found the eclipsed part of the Moon 
visible during the partial phase They describe the colour of the 
umbra as grey-green at the edge, increasing through orange-rod to 
brown-ied Using a photometer, with which they wore able to com- 
pare the total light with starlight, they find for diflereut distances 
of its centre from the centre of the shadow. 



10' 

12' 

IJ' 

10' 

18' 

20' 

22' 


Visual light * 

m. 

ni* 

m 

m, 

m 

in 

in 


-0 9 

*-10 

-1 1 

-12 - 

-*14 

-1-0 ^ 

-2 1 

— 2 7 

Photographic light 

• 

4-8»2 

+2 3 

+ 14 - 

h0 7 

00 ^ 

-0 7 


taking the visual 

magnitude of the full Moon 

as - 

-12*65"'. 




Keenan,!! at the eclipse of 1928 November 27, used four filters 
transmitting light from 3,800 A to 4,200 A. and 4,000 A. to 6,000 A., 
4,000 A. to 4,900 A,, 6,000 A to 6,900 A., and a TCryptooyamno 
plate transmitting light round 7,600 A The shadow had a radius 
of 46>0', and the centre of the Moon at mkl-eolipse was 24' from the 
centre. The diflerenees of intensity from the unoclipsed Moon in 
stellar magnitudes are shown on p. 33. 

The very striking difference between the extreme rod and the other 
filters is apparent 


t 0 S ISO, 104 (1820) 


t P ASP. 41, 207 (1020). 
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3,800 A --1,200 A 
and 

4M0 A -6,000 A 

; 1,000 A- 

^4,000 A 

e.ooo A - 

-5,<)O0 A 

Hound r,600 A 

Disl ‘ 

Mag * 

Di’it 

Mng 

Di^t 

Mag 

Dist 

Mag 


m. 


m 


m 


\ 

df)7' 

8 23 

30 3' 

8 12 

39 3' 

8 17 

38 6' 

0 48 

30 0 

8 02 

34 2 

8 00 

33 8 

0 2fi 

37 1 

0 82 

30 0 

0 31 

20 1 

0 71 

28 8 

0 72 

32 4 

7 41 

25 1 

10 10 

23 0 1 

10 30 

23 3 

10 31 

27 3 

7 72 

20 4 

10 48 

17 8 

11 JO 


‘ 

22 0 

7 81 


^ Fiom Gontio of Bliadow ^ Billoionco fiom imoclipsocl moon 


Barabasolioil and Somogkont- at tho oclipso of 1031 April 2, when 
iho radius of tho shadow was 46 2', by uso of red and blue filters 
obtained tho lollowiiig values for the docroaso of intensity at difiorent 
distances fiom tho contio of tho shadow, rookonod in stellar magni- 
tiidos 


DiHta7icc 

4,()30 A 

0,340 A 


m. 

m 

33 0' 


9 00 

32 5 


0 2fi 

312 

11 20 

0 44 

29 8 

1140 

0 70 

28 fi 

11 00 

0 88 

27 I 

11 92 

10 10 

25 8 

12 13 

10 34 

24 4 

12 39 

10 52 

23 1 

12 74 

10 80 

21*7 

13 05 


20 4 

13 81 



Othor obsoivations of iho difEoronco betwooiv tho total visual light 
of tho oolipsod and full Moon, oxprossod in stellar magnitudes, at 
several recent oolipsos are. 



jMagmtwlo of 
JCdipao 

Dijfcicnco 



in. 

1021 Oci 10 

0 938 

8 70 

1024 Aiir 14 

1*059 

10 IH 

1027 1)0(5 8 

1 358 

0 48 

1920 Juno 25 


0 92 (ponumbrttl) 


IlopmanJ: 

13aiabnBolioff|| 


With Riiflaoil’s value of —-12*3’'^ for tho stellar magnitude of tho full 
Moon, tho GolipHod Moon has a total visual 'briglitnoss varying from 


Venus to Sirius. 


f Za / AaiJopht/s, 6, lU (1032) 

II A N. 233, 213 (103d) 
aeos.io jj' 


} 216, 200(1022) 
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Willard I'isherf has collected observations of the brightness of 
lunar eclipses from 1860 to 1922, for the purpose of finding data on 
the transmission of light through different layers of the Earth’s 
atmosphere. He grades the observations into three classes, according 
to whether details on the Moon can be seen with the naked eye, a 
2-inch telescope, or a 6-inoh telescope. The argument for this pro- 
cedure is that although the illumination is unaltered, the difference 
of scale has a considerable effect on the visibility of small objects. 
He then groups the observations in various ways and concludes that 
the eclipsed Moon is generally brighter when it is south of the centre 
of the shadow, and that volcanic dust has had an effect in diminish- 
ing the visibility. No effect of the size of the shadow is found. 

Spectrum of Eclipsed Moon. The spectrum of the eclipsed Moon 
was observed at the Lick Observatory by Moore and Brigham. J 
They gave an exposure of 20 minutes from a point on the edge of 
the shadow to 1*5' within it, and compared this with an exposure of 
1 second on the uneclipsed Modn. They find a very marked difference 
in the intensities at the violet and red end of the spectrum which 
extended from 3,800 A, to 6,900 A., and that water vapour and 
oxygen lines are strongly accentuated. These, as the observers 
remark, agree with anticipation. 

Occultatioixs. Total eclipses of the Moon are of service in the 
observation of occultations. Not only are fainter stars observable, 
but disappearance and reappearance of the same star at the dark 
limbs of the Moon are obtained. In this way the diameter of the 
Moon may be found. When the diameter is determined at full Moon 
with a meridian instrument, a slightly larger value, owing to irradia- 
tion at the limbs, is usually found. At eclipses of the Sun, on the 
contrary, a smaller value is found, as the eclipse is not total till the 
light coming through valleys on the Moon’s limb, known as Baily’s 
beads, has ceased. Occultations give a mean value, allowing for 
irregularities in the Moon’s surface. This value is used for all observa- 
tions of occultations in finding the position of the centre of the 
Moon. As these occultations are usually taken at the dark limb in 
the first half of the lunation, it is important to have a correct value 
of the Moon’s diameter. 

Observations of Temperature. The most valuable observations 
taken in a lunar eclipse are concerned with the fall of temperature 
t Harvard Beprint No. 7. % P,A,tS,P, 39, 223 (1927). 
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on tho Moon as it passes into tlie shadows. In the eclipse of 1927 
Juno 14 Pettit and Nicholsonf made a continuous series of measure *- 
intuits of the radiation of a point which passed near the centre of the 
shadow, using a vacuum thermocouple on the lOO-inch mirror at 
Mount Wilson. They concluded that the temperature (absolute) fell 
from 342® to 175° K. during the partial phase, continued to drop to 
during totality, and rose abruptly to nearly the original 
teinp(u*aiuro during the last partial phase. Prom the rapidity of 
iheso changes, they concluded that only a very small amount of 
radiant energy is conducted into the Moon from its surface. 

ir. N. Russell:!: makes the following comments: ‘Those rapid 
rdiaugOH [ol‘ temperature] show that the cooling was only skin-deep, 
and that tlic superficial material of the Moon must be a very poor 
conductor of heat — ^much worse than any sort of solid rock, and 
cmnparablo to ])umico, or volcanic ashes. While the surface is hotter 
than boiling water, or almost as cold as hquid air, the temperature 
a foot below probably varies but a few degrees from an average 
imiv the frooying-point.’ 

t Ap. J. 71, 102 (1930). 

% The t^olar System and its Origin (New York, 1935), p. 49, 



VI 

THE SECULAR ACCELERATION 

Discovery by Halley. Dunthorne’s Determination of Amount. 

In 1693 Halley ,t by comparing ancient eclipses of the Moon given 
in the Almagest and echpses observed by Arabian astronomers in 
the ninth century with those in his own time, made the suggestion 
that the Moon’s mean motion appeared to have a secular accelera- 
tion. He did not, however, fix the amount. It was not till 1749 that 
the matter was reopened by Dunthorne,J who investigated two solar 
eclipses and a lunar echpse observed at Cairo in the tenth century, 
an echpse observed by Theon in a.d. 364, an eclipse of the Moon 
observed in Alexandria in 201 b.o., and one observed at Babylon in 
721 B.o. His conclusion was that if the acceleration be taken as 
uniform, and the observations were not sufficient to prove the 
contrary, the secular acceleration of the Moon’s mean longitude was 
_l_ 10 " 3 ia, ^ixere T is measured in centuries. Mayer and Lalande 
obtained similar results shortly afterwards. 

Laplace’s Explanation. The Academy of Sciences offered prizes 
for the discovery of the physical cause of this phenomenon. Euler, 
Lagrange, and Laplace received prizes for their memoirs but failed 
to find the true explanation. Suggestions were made that the cause 
was a resisting medium, or possibly a retardation in the Earth’s 
rotation. Laplace dismissed the former, as such resistance would 
be shown by the planets, and avoided the latter till he was satisfied 
that all gravitational consequences had been sufficiently explored. 
Laplace’s explanation may be briefly stated as follows. The mean 
central disturbing force of the Sun, by which the Moon’s gravity 
towards the Earth is diminished, depends not only on the Sun’s 
mean distance but on the eccentricity of the Earth’s orbit. Now this 
eccentricity is at present diminishing and has been doing so for many 
ages, while the mean distance remains unaltered. In consequence of 
this, the mean disturbing force is also diminishing and therefore the 
Moon’s gravity towards the Earth is, on the whole, increasing. Also, 
the area described in a given time by the Moon about the Earth is 
not affected by this alteration of the central force. Hence it follows 
that the Moon’s mean distance from the Earth will be diminished in 
t Phil. Trans. 17, 913 (1693). | Ibid. 46, 1102] (1749). 
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the i^a.’fcio as the force at a given distance is increased, and the 

mea^x^ motion will be increased in double the same ratio. 

found the change in the eccentricity of the Earth’s orbit 

givoxx , , 

& e' = 60— aiJ, 


whox’O t iB reokoned in Julian years from 1850*0 and oc == 4*245 x 
IntilxiH wa>y Ijaplace found for the secular acceleration 


a = . tIq a, 

whox*o IB the ratio of the mean motions of the Earth and the 

Mooxx, trKe eccentricity of the Earth’s orbit, the Moon’s mean 
mobxorx* 

Goi'i*^otioii by Adams* The result was a secular acceleration of 
+ ixx substantial agreement with Dunthorne’s determination 

froixx fxixcdeiiti eclipses. Planaf and Damoiseau confirmed Laplace’s 
resiilb ca^xTying it to a further approximation, but in 1853$ Adams 
fouix<l Lli^xb blioy had committed an error by integrating the differen- 
tial ocjtxx^x’fcioixs as though c' were constant. He found 
as fx fitx'fclxor approximation to given by Laplace, giving 8*3" 
for bho Bocixlar acceleration, while Plana had given 
or IX Hocuilatr variation of 10*0". Adams’s value was confirmed by 
Dola^txiiixy . -Adams and Delaunay carried the approximation farther, 
and ixH 1x11 t^lxe terms were negative the secular acceleration was still 
furblior x'edxxced. The present value given by BrownH is -l-'7-14"T^. 

•^rHo Htxicly of ancient eclipses was pursued by Bailyft iii 1811, who 
poiixLocl otxt; their use for chronology. Provided that the movements 
of B tux ixrxd Moon are given perfectly by theory, the position of the 
napx’ow bra^ek where a solar eclipse is total can be calculated. It 
would pfoxiorally be a rare occurrence for an eclipse to be total at 
the Batxxo twice in fifty years. Now a total eclipse is far more 

strilcitxfj^ blta^n a partial eclipse or even an annular echpse and may 
well be referred to in ancient records, which sometimes state that 
stariH wore visible in which case there can bo no doubt of the totality 
of blxe oelipBe. Baily attempted to determine the date of a famous 
eclijjBO ixioubioned by Herodotus as occurring during a battle between 
the ModoB ctnd Lydians. The place where the battle occurred was 
nob givoxx, Ibut using the best evidence he had for the locality and 

t TI«B€!fcra.ncl, Mdo. Oehete, t, iii, p. 2^0. J PhiL (Trans, 143, 397 (1853). 

11 €>f Motion of Moon, p. 28, tt 101, 220 (1811). 
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taking +10"^^ as the secular variation the date was identified as 
— 609 September 30. Unfortunately it was impossible to make the 
same secular acceleration fit the eclipse of Agathocles. This eclipse was 
seen by the Athenian fleet the day after it left Syracuse, but it is 
uncertain whether the fleet sailed north or south of Sicily. Stars were 
seen, so that the eclipse was undoubtedly total. There is no doubt 
about the identification of the date as —309 August 15. 

Airyf determined the secular acceleration from consideration of 
early eclipses in 1853 and again in 1857 when the new tables of 
the Moon by Hansen were available. He regarded the eclipse of 
—309 August 15 as a definite starting-point, and concluded that the 
date of the eclipse of Thales was —584 May 28. Airy identified a 
passage of Xenophon as indicating a total eclipse which occurred at 
Larissa during the war between the Medes and Persians. This he 
dates as the eclipse of —546 May 14. His conclusion is that the 
secular acceleration is between +12"^^ and +IZ"T^, Hansen was 
in close agreement with Airy. 

In 1878 Newcomb, in his Researches on the Motion of the Moon,X 
made a careful study of supposed total eclipses of the Sun described 
by ancient authors with a view to determining slow changes in the 
lunar elements. He came to a strongly negative conclusion. Not 
only did there appear to be no ancient eclipse of which it could be 
concluded that it really was total at a given place, but the accounts 
were generally so vague that they were only useful for chronological 
or for historical purposes. Rejecting all other records of eclipses 
Newcomb based his determination of the secular acceleration on 
19 lunar eclipses given in the Almagest occurring between —720 and 
+ 136, a series of 28 eclipses observed by Arabian astronomers in 
Baghdad or Cairo from 829 to 1004, observations of occultations 
at Paris from 1621 to 1652, arid modern meridian observations. Pie 
finds for the secular acceleration a value +8*8" jP^. 

Ginzel|| in 1883 collected materials relating to 45 total eclipses 
of the Sun from the records of monasteries and other sources from 
346 to 1415. In many cases it is stated that stars were seen. There 
is no ambiguity about the totafity or the place. He concluded with 
a value +11*47" for the secular acceleration. 

t Memoi/rs 26, 31 (1867). 

X Washington, U.S. Naval Observatory, Observations, 1875, App. II. 

II Vienna Acad, of Sciences, Sitz, 88, 629 (1883). 
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Secular Variation of the Sun’s Longitude. Oowellf in 1905 
gave a new value to the ancient eclipses by deriving not only the 
secular acceleration of the Moon but also a further element which he 
at first assumed to be a secular acceleration of the Moon’s node, but 
altered shortly afterwards to a secular acceleration of the Sun, 
which has the same eftect on the positions of the line of totality. He 
used 5 eclipses, the first being an inscription on a tablet found in 
Babylon translated by King of the British Museum. ‘ On the SCth 
day of the month Sivar in the 7th year, the day was turned into night, 
and fire in the midst of heaven. ’ This he identifies as — 1062 July 31 . 
He adds the eclipse of —762 June 15, referred to by a tablet at 
Nineveh ; the eclipse of — 647 April 6, observed by Archilochus in 
the island of Thasos; an eclipse of —430 August 3 referred to by 
Thucydides and supposed total at Athens ; and one in Utica on -|-197 
June 3 referred to by Tertullian. 

From these eclipses Cowell found a secular acceleration of +11" T® 
in the longitude of the Moon and one of +4" in that of the Sun. 

Newcomb regarded the acceleration of the Sun as contrary to 
theory, and considered that the eclipses were accounted for as an 
accidental coincidence, in view of the uncertainties attaching to the 
evidence. 

Fotheringham’s Investigation. FothoringhamJ gave in 1920 a 
very complete discussion of ancient eclipses as far as they are avail- 
able for the determination of secular accelerations. This valuable 
memoir deals with the following eclipses : 

Babylon —1062 July 31. Agathooles —309 August 15. 
Nineveh —762 June 15. Hipparchus — 128 November 20. 

Archilochus —647 April 6. Phlegon +29 November 24. 

Thales —684 May 28. Plutarch +71 March 20. 

Pindar —462 April 30. Theon +364 June 16. 

Thucydides —430 August 3. 

He rejects the Larissa eclipse of —546 May 14 as a darkening due to 
some other cause, and the eclipse at Utica (+197 June 3) as being a 
partial phase of an annular eclipse. Fotheringham gives the name 
of the author of the first identification of the original record with the 
supposed eohpse, and enters fully into all the historical circumstances 
as to where the eclipse was or might have been observed. A diagram 

t 45, 861 (1006). t M.N.n.A.S. 81, 104 (1920). 


I 



40 


THE SECULAR ACCELERATION 


Chap. VI 


in his paper shows that the secular acceleration of the Moon must he 
between and 12 " that of the Sun must be loss than 

+24" He concludes from these eclipses that the secular accelera- 
tion of the Moon hes between +11*0" 2^^ and +10*3" and that of 
the Sun between 1 * 6 " 1*2’' T^. Combining these results with 

those he had previously obtained from a discussion of lunar eclipses, 
occultations, and equinoxes, he gives as his final values : 

Secular acceleration of the Moon = +10*8" 

„ „ „ Sun =+ 1 . 5 "r 2 

where T is expressed in centuries. 

From a study of ancient occultations and eclipses, and the solar 
echpses of +1239 June 3 and +1715 May 3, Schochf has obtained 
results in fair accordance with Eotheringham. He finds for the secular 
accelerations df Sun and Moon the values +2-60" and 12*20" 
Fotheringham’s most recent contribution;!: to this subject takes 
the form of a discussion of two echpses only. The element which is 
most difficult to identify in an ancient eclipse is the time at which 
it occurred, on account of the inaccuracy with which time was 
described by the ancients : but as ancient horology was based on a 
time-interval after sunrise or sunset, it is possible to fix the time with 
some accuracy if it is stated that the echpse occurred shortly before 
or after sunrise or sunset. Thus a total echpse of the sun took place 
on —321 September 16 at Sippara beginning before sunset, the 
Babylonian TJ^ being four minutes ; again, an eclipse of the Moon 
took place on —424 October 9 beginning after sunset at 

Nippur. The times of these echpses are established with a possible 
error of only a few minutes. From this material alone Eotheringham 
obtained a value +9*6" for the difference between the accelerations 
of the Moon and the Sun, The mean of Eotheringham and Schoch 
is 11*0" 2^2 for the Moon and 2 * 0 "y 2 
Tidal Friction in the Irish Sea. There remains a difference of 
about +4*5" in the secular acceleration of the Moon and +2*0" 
in that of the Sun to be accounted for. It has been generally assumed 
that the former might be accounted for by the friction of the tides. 
Taylorjj showed that this friction in the Irish Sea was much greater 

f Die saJculare acceleTation des Mondes ufid dev Soune (1926). Reprinted as supple- 
ment to Astronomiache Nachrichten, Band 9, No. 2 (1830). 

t M.NM.A,S. 95, 719 (1935). || PML Trana., Series A, 220, 1 (1920). 
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than had previously been calculated on the supposition that it 
resulted from the sliding of horizontal layers of water over one 
another. He gives reasons for showing that the formula F == 0*002pF‘^, 
where F is the friction, V the velocity of the current, and p the 
density of the water, which he had previously found for the friction 
of the wind on the ground, was applicable to tidal currents. A similar 
formula is used by engineers for the friction in large rivers. The 
dissipation of energy given by the tidal currents of the Irish Sea, 
which have an average velocity of knots or 114 cm. per sec., 
calculated in this way amounts to 1,300 ergs per sq. cm. per sec. 

Taylor verified this result by calculation of the rate at which energy 
enters the Irish Sea by the south and north channels and subtracting 
the work done by the lunar attraction, and finds a dissipation of 
energy of 1,530 ergs per sq. cm. per sec. Over the whole area of the 
Irish Sea the dissipation of energy is 2-5 X lO^*^ ergs per sec. or 3-0 x 10^^ 
ergs iDer sec. according to these two estimates. In collaboration with 
Taylor’s work Jefireysf calculated the dissipation of energy necessary 
to produce a secular acceleration in the Moon’s longitude of 4*5" per 
century as 1*41 x 10^^ ergs, and on this assumption l/66th of the total 
dissi])ation is caused by the Irish. Sea. 

Jeffreys considers the effect of the Sun as well as the Moon. He finds 
that these arc in the ratio of 1 : 3*4, Thus the effect of the Sun is much 
greater tlian would bo supi)osed on the theory of bodily friction. 

This ratio agrees well with Fotheringham’s determination of 1*5 
and 4-8 for the hitherto unaccounted for secular variations indicated 
by ancient observations. There can be little doubt that dissipation 
of energy by the tides is amply sufficient to account for these secular 
accelerations. At first sight it would seem that the Irish Sea con- 
tributes too large a luoportion, but it is to bo remembered that the 
dissipation of energy varies as the cube of the velocity, so that strong 
currents and shallow seas arc the contributing factors, and tlie open 
oceans contribute |)ractica]ly nothing to the total dissipation. Jof- 
freys:]: lias examined the areas where dissipation in the semi-diurnal 
lunar tide is most likely to occur. Ho finds 

2*4 X 10^® in European waters, 

2*6 X 10^^ in Asiatic waters, 

2-0 X 10^^ in Am.erican waters, 
and 15*0 X 10^*^ in the Bering Sea. 

t M.NMA.S. 80, 308 (1920). t Phil. Trans. 22i, 230 (1021). 

3696.19 a 
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This gives a total of 2-2x10^® ergs j)er sec., which is greater than 
1*4 X 10^® ergs per sec. required to account for the secular acceleration 
of the Moon. There is reason for supposing that the amount of 
dissipation may have been over-estimated owing to insufficient data 
to as much as twice its amount. 


VII 


'tHE DEFLEXION OF LIGHT BY THE SUN’S 
GRAVITATIONAL FIELD 


'rui'i poHHibility that light and matter might he convertible is sug- 
gcHt tnl in Newton’s Optics, Query 30. That a beam of light exerts 
prc'ssiu'o was pointed out by Maxwell and experimentally verified 
by L(‘bcdow and by Nichols and Hull. 

hi 11)11 Einstein showed that, a beam of light being subject to 
gravitation like a material particle in Newtonian dynamics, the 
dt*ll(‘xion of the light of a star passing near the Sun would be 
0>H7"a/r, where a is the radius of the Sun and r the distance of the 
star from t.ho vSun’s centre. This is readily proved as follows. 

'rhc‘ deflexion is the angle between the asymptotes, which in a 
hypiwbola of groat eccentricity is 2/e. The velocity at the nearest 
point, to the Sun is c the velocity of light. If G is the constant of 
gravilntiun and M the mass of the Sun, h twice the area described 
in unit time, and I the latus rectum of the hyperbola, 

7^2 = GM.l, 

= QMer, 

Thu« GM = cV/e. 

If (I bt‘ the Earth’s mean distance and v its mean velocity 

OM == 


2 __ v^d 

Tlliw 

,r „ 1,0 ta.U,» «( s,m, d = 216,. vie i» the aterration con- 

stani ■■ 


Thus 


?. 2 X 215 X ( 20 - 4 : 7 ) 2 sin 1 "“ 

e 

r 


Kr(,un.Ul(,h oxamtod “■ 

„,Ul»c,», but wa. unable to obtain any 

‘'^r\:t«;;tr‘:X‘brWe«on wae made at the Ruaslan 
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eclipse by Campbell and Curtiss in 1914, but "weather conditions were 
unfavourable and no result was obtained. 

In 1915 Einstein brought out the General Theory of Relativity. 
According to this theory the deflexion by a gravitational field is 
twice the amount given by the Newtonian dynamics, namely 
l'75"a/r. For the proof of this, reference should be made to works 
on relativity. 

The Lick Observatory attacked this difficult problem at the eclipse 
of 1918. Campbell, t as a result of a preliminary discussion, stated 
that the photographs did not show the full displacement and prob- 
ably not the half amount. As no final discussion was published, 
presumably the conclusion was reached that the results were un- 
reliable. 

British Expeditions. Two expeditionsj were arranged by the 
British Eclipse Committee in November 1917 to observe the eclijjse 
of 1919 May 29, as the field of stars was very favourable for the 
purpose. After the conclusion of the War the instruments were 
assembled at Greenwich, and arrangements made with all speed for 
the observers to leave England on March 8, 1919. Eddington and 
Cottingham took an astrographic object-glass lent by Turner and 
a 16-inoh coelostat to Principe on the coast of Africa. Davidson 
and Crommelin took an astrographic object-glass with a 16-ineh 
coelostat and a 4-inoh object-glass of 19-feet focus with an 8-inch 
coelostat to Sobral in north Brazil. Steel tubes were constructed for 
the two astrographic object-glasses. The 4-inch telescope had the 
wooden tube used by Father Cortie in 1914, but modified somewhat 
to give greater rigidity and constancy of focus. 

The coordinates of the observed stars and their ])hotographic 
magnitudes are 
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3 
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4 

Tauri 

4*5 

-{“17 
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5 
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6 
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10 
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+ 43 

-1-60 

11 
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5-5 

~63 

-8 
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at Principe 


+28 

-12 

Sun 

at Sobral 


+ 22 

-]3 


t Observatory, 42, 298 (1919). P.A.S.P. 35, 11 (1923). 

J PMl. Trans., Series A, 220, 291 (1920). Smithsonian Report for 1919, p. 133 
(1921). 
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At Principe the sky was clouded, but two plates were obtained 
showing images of the stars 6, 4, 3, 6, 10 and 11, 4, 3, 6, 10 respec- 
tively. Check fields were obtained the same night, and as the tem- 
perature was the same by night *and day, it was assumed that there 
was no change of scale. Plates for comparison of the eclipse field 
and the check field had been taken previously at Oxford by Bellamy 
before the instrument was dismounted. Corrections for differential 
refraction and aberration were applied to all the measures. The 
measures were made at Cambridge by Eddington, an Oxford and 
Principe plate being placed film to film. In this way the images were 
nearly coincident, as the coelostat mirror gave a refl.ection of the 
field. Comparison of each of the two plates was made with two 
Oxford plates, and the final result of 1*65" was in good agreement 
with Einstein’s predicted value. 

At Sobral the observers were favoured with fine weather, and 
obtained seven photographs with each of the two instruments, show- 
ing the seven stars given above. The images with the 4-inch lens of 
19 feet focal length were in excellent focus, all being round except 
11, which shows a slight elongation owing to its distance from the 
centre of the field. The photographs taken with the astrograj)hic 
telescope were not satisfactory. Davidson noted ‘May 30, 3 a.m., 
four of the astrographic plates were developed and when dry exam- 
ined. It was found that there had been a serious change in focus 
so that, while the stars were shown, the definition was spoilt. This 
change of focus can only be attributed to the unequal expansion of 
the mirror through the Sun’s heat. The readings of the focussing 
scale were checked next day but were found unaltered at 11*0 mm. 
It seems doubtful whether much can be got from these plates. ’ The 
observers stayed in Brazil and took photographs of the field on 
July 13, 14, 36, 17 at as near the same altitude as possible on those 
dates. Photographs were also taken through the glass to facilitate 
the measurement, as the eclipse and comparison plates could be 
placed film to film, so that the images were close together in the 
micrometer. 

The measures were reduced for each eclipse and comparison plate 
separately, In the first instance, separate plate constants (Turner’s 
method) were computed with an additional term for the Einstein 
deflexion for the right ascensions and declinations. Prom the right 
ascensions a value 2*06" was found, and from the declinations 1*94", 
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and giving double weight to the declinations a deflexion of 1*98" 
as compared with Einstein’s 1-75" was obtained. The values of the 
linear terms in the refraction and aberration were next computed 
for each plate and the normal equations combined and re-solved on 
the supposition that the value of the scale correction was the same 
in both directions and the orientation taken as the mean of the 
determinations in right ascension and declination. The mean of the 
plates gave the following table for the displacement of each star as 
compared with the theoretical value. 


No. of star 

Displacement in E. A. 

Displacement in DecL 

Observed- 

-Predicted 

Observed 

Predicted 

Observed 

Predicted 


// 

It 

it 


ft 

it 

11 

~0-19 

-0‘32 

+ 0-16 

+ 0-02 

+ 0-13 

+ 0-14 

5 

-0-29 

--0'31 

-0-46 

---0-43 

+ 0-02 

*-0-03 

4 

--0*11 

-O-IO 

H-0'83 

-1-0-74 

-0-01 

H-0-09 

8 

~-0-20 

-0']2 

+ 1-00 

-1-0-87 

— 0-08 

-hO-13 

0 

-O-IO 

-I-0-04 

+0’C7 

+ 0-40 

-0-14 

-1-0-17 

10 

-.0*08 

-1-0-09 

+ 0-36 

+ 0-32 

-0-17 

-1-0-03 

2 

-hO-96 

-hO‘85 

-0-27 

-0-09 

+ 0-11 

-0-18 


The authors had no hesitation in regarding the observations in 
Principe and Sobral as verifying Einstein’s prediction of a deflexion 
of 1*76" at the Sun’s hmb. The plates taken with the astrographic 
object-glass at Sobral were measured and the results published, but 
no weight was attached to them on account of the observer’s note 
at the time. 

The importance of the result naturally evoked criticism of the 
observations. The only one of any importance by Russellf had 
reference to the apparent distortion indicated by differences in the 
scale —•0*146" and orientation —0*250" obtained from the right 
ascensions and dechnations respectively. He showed that this dis- 
tortion was a contraction of 0*26" in the direction of the vertical, 
and suggested as a possible explanation a distortion of the coelo- 
stat mirror owing to the heat of the Sun. This, however, would 
not be a spherical distortion, but of a cylindrical character. The 
excellence of the images, although not absolute proof, is strongly 
against this. 

Rediscussion of the Observations • With Davidson, we have 
rediscussed the published measures. After correcting the refraction 
for second-order terms as well as those of first order and for aberra- 
t M,NM,A,S. 81, 153 (1920). 
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tion, determinations are given for the deflexion, scale value, and 
orientation in directions approximately 30° apart. 



Direction 

Dcfl. 

Scale 

Orienta- 

tion 

Rcl, weights 

Horizontal 

0“ 

1-98 

0-476 

n 

0*190 

2*39 

1*43 

4*70 

(Doclination) 

+ 28" 48' 

105 

0-396 

0*093 

2*22 

1*98 

2*98 

. . 

+ 57" 36' 

102 

0*273 

0*117 

1*61 

2*45 

2-30 

Vortical 

00" 

2*12 

0*161 

0*127 

1*09 

1*67 

2*22 

(Right Aa(‘onHi()n) 

+ 118" 48' 

2‘0l 

0*203 

0*343 

1*24 

J*20 

1-90 

.. 

+ 147" 36' 

1-99 

0*422 

0*323 

1*85 

1*17 

C'09 


The values of scale and orientation have ranges of 0-32" and 0-25" 
at 50' from the centre, hut the value of the deflexion is more con- 
sistent. Although there seems to he a distortion of the field, 'possibly\ 
arising from a stratification of the, air in the telescope, it does not seem 
materially to have affected the amount of the deflexion, and the 
value of 1'98" as given indicates that the deflexion is 1-75" at least 
and possibly somewhat larger. 

The radial displacements of the individual stars compared with 
the predicted displacements are given below. 


Star 

1 Calculation 

I Observation 

3 

u 

0*88 

1*02 

2 

0*85 

0*97 

4 ‘ 

0*75 

0*84 

5 ' 

0*53 

0*54 

6 

0-40 

0*56 

10 

0*33 

0*32 

11 

0*32 

0*20 


The next opportunity of verifying the deflexion of light occurred 
at the eclipse of 1922 September 21. Spencer Jones and Melotte 
took a complete equatorial mounting of the GreeuAvich astrographio 
telescope — suitably altered for latitude — ^to Christmas Island, and 
proposed to give exposures on the eclipse field and, by moving the 
telescope in declination, to a suitable comparison field during the 
eclipse. The intention was to determine the scale value from the 
latter plate, and by comparison with plates of the two fields taken 
at Greenwich to avoid the diminution of weight when scale and 
deflexion are obtained from the same plate. Unfortunately, the 
sky was completely cloudy at the time of the eclipse. 

t It may b© no tod that tlio aBtrograpliic platos wbiob were rojoctod were in a closed 
motal tubo» 
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Lick Observatory Expedition. The expedition of Campbell and 
Trumplerf to Wallal on the north-west coast-line of Australia was 
completely successful. They used two lenses of 5 inches aperture 
and 15 feet focal length, covering so large a field that plates 17 inches 
square were required. The mounting was equatorial. Comparison 
plates of the eclipse field were taken at Tahiti in May some months 
before the eclipse, and a check field 90° distant in right ascension and 
at the same declination was also photographed. At Wallal the checl?; 
field was photographed on the evening before the eclipse and the 
plate left in the carrier so that the eclipse field was photographed 
on the same plate. An exposure of two minutes was given, and after 
a short interval a second plate on which the check field had been 
taken was also exposed. The check field was used to determine the 
two square terms necessary to allow for the change in the inclination 
of the optical axis, but were not used for the determination of scale. 
The four plates were first reduced by the use of six constants. These 
are not given, but the agreement of scale and orientation was found 
to be satisfactory for the two plates taken with one of the lenses, and 
reasons are given why six constants were used for the plates taken 
with the second lens. 

There were many more stars, but not so near the Sun as in the field 
of 1919. No less than 118 stars were photographed. Weights are 
assigned to separate stars from 3-9 for the brighter stars to 0’22 for 
the fainter stars. There are only 28 stars for which the weight is 
less than 1-0. The measures of the stars to which a weight greater 
than 3 is given are shown on p. 49. 

The mean result from the four plates, which are in satisfactory 
accordance, is 1*72", corresponding to Einstein’s predicted value of 
1-75". Keasons are given for not comparing with the check stars, 
which would.have increased the deflexion to 2*06". There can be no 
doubt that the observations show a deflexion as great as and possibly 
rather more than Einstein’s predicted value. 

Freundlich’s Expedition. Professor Ereundlich, who had bad 
luck in the eclipses of 1914, 1921, 1922, and 1926, had better fortune 
at the eclipse of 1929 May 9 in north Sumatra. He had two instru- 
ments. The first consisted of two cameras of 28 feet focal length 
and 5-inch object-glasses with fields of 3° X 3°. These both faced a 
30-inch coelostat mirror, and were set at 25° in azimuth, the one 

t L.O.B, 346 (1923). 
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No. 

Phot, 

Mag, 

Distance 

Lx 

Ay 

Pad. 

Gomp. 

Theory'\ 


m. 

o / 

" 

// 

// 

H 

03 

7*3 

0 33 

+ 0-24 

4-0*68 

+ 0-72 

+ 0*81 

78 

8*4 

0 57 

4- 0*49 

+ 0-09 

+0*49 

+ 0*43 

81 

7*5 

1 7 

+ 0*37 ' 

+ 0-07 

+ 0*32 

+0'34 

59 

8-3 

1 8 

+ 0-07 

-0*35 

+ 0*36 

+ 0*33 

37 

9-7 ! 

1 29 

-0*23 

4-0*29 

+ 0-37 

+ 0*22 

51 

9-4 1 

1 36 

+ 0-08 

-0*21 

+ 0-20 

+ 0*18 

25 

6-9 

1 40 

--0*12 

-0*14 

+0*11 

4-0*17 

64 

9*1 

1 43 

+ 0-16 

+ 0-16 

1 +0*17 

+ 0*16 

86 

8*0 

1 44 

4-0*04 

-0*16 

i -0*09 

+ 0*16 

102 

8*2 

1 54 

-1-0-24 

4-0*06 

+ 0*21 

+ 0*13 

104 

9*3 

j 1 56 

-0*06 

-0*06 

-0*06 

+ 0*12 

98 

9*3 

1 1 58 

-[-0*42 

-0*15 

-h0*44 

+ 0*31 

99 

9*0 

I 1 58 

4-0*29 

+ 0*11 

-1-0*20 

+ 0*11 

58 

8*4 

1 2 2 

4-0*26 

-0*18 

+ 0*19 

4-0*10 

28 

8*2 

1 2 4 

-0*12 

4-0*01 

-1-0*08 

+0*10 

68 

8*8 

i ^ ' 

-l-o-io 

-0*16 

-1-0* 19 

+ 0*10 

105 

8*8 

2 5 ! 

4-0*12 

-0*04 

+ 0*13 

+ 0*10 

not 

7*8 

2 34 ! 

-0*64 

-0*21 

-0*67 

+ 0*02 

5 

8*3 

2 38 ! 

+ 0*02 

-0*04 

+ 0*02 

+0*01 

89 

8*3 

2 47 

+ 0*16 

+ 0*29 

-0*10 

-0*01 

96 

7*8 

2 51 

+ 0*13 

+ 0*08 

+ 0*01 

-0*02 


pointing on the eclipsed Sun and the second on a check field. Com- 
parison photographs of the eclipse and check field were taken some 
months later. In addition a reseau from a collimating telescope was 
j)rinted on the four series of plates. This was satisfactory as far as the 
eclipse and its comparison field was concerned, but not as regards 
the check fields, as the lines were distorted. It was, therefore, not 
possible to verify from the check fields whether there had been any 
change of scale. The field of stars was not very favourable, as nearly 
all lay on the east side of the Sun. The nearest star was only 8' from 
the Sun’s limb. The resulting value for the displacement at the Sun’s 
limb was found to be 2*2". The table on the next page is taken 
from the discussion of the results in the Zeitschrift fur Astrophysiht 
vol. 3, but rearranged according to distance from the Sun’s centre. 
The result was criticized by Trumplerjl and by Jaokson'I't oii 
ground that the scale of the rSseau had changed. Trumpler, on this 
assumption, finds by re-reduction the value 1*75". 

The second instrument mounted equatorially had a focal length 
of 11 ft. 3 in. and had a large field of 7*5° x 7*5°. The camera was first 

t A small-scale corroctioa is applied to tho ItlinBioiii displacemont to make the 
figures strictly comparable with the preceding column. 

t Large residual possibly duo to nearness to edge of plate. 

II P.AM,P, 44, 167 (1932). tt Obaervatory, 54, 202 (1931). 
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Distance from 
centrCf in imits 
of Sun^s radius 

Observed 

radial 

displacement 

Value 

M5"alr 

Observed 
— calculated 

Inclination 
to radius 

1-52 

+ 1-30 

+ M5 

// 

+ 0-15 

H-17 

2-42 

-1-0-78 

+ 0-78 

-1-0-00 

-h ^ 

2*62 

4-0'74 

+ 0-67 

+ 0-07 

-^-17 

2-76 

H-0-83 

+ 0-63 

+ 0-20 

— 9 

2-76 

-fO-75 

+ 0-63 

+ 0-12 

- 4 

2-86 

H-0-88 

+ 0-61 

+ 0-27 

+ 10 

3-20 

4-0-73 

4-0-65 

+ 0-18 

+ 7 

3-25 

4-0-84 

+ 0-64 1 

+0-30 

+ 10 

3*53 

4-0-78 

+ 0-49 

+0-29 

+ 6 

4-04 

-40-48 

+ 0-43 

+ 0-05 

+ 8 

4-21 

-1-0-64 

+ 0-41 

+0-13 

+ 21 

4*42 

+ 0-42 

+ 0-39 

+ 0-03 

— 1 

5*06 

+ 0-70 

+ 0-34 

+ 0-36 

~ 3 

5*08 

+ 0-50 

+ 0-34 

+ 0-16 

+ 9 

6-89 

+ 0*51 

+ 0-30 

+ 0-21 

_17 

5-89 

+ 0-60 

+ 0-30 

+ 0*30 

+ 2 

6 ‘42 

+ 0-26 

+ 0-27 

^0‘01 

+ 34 

7-54 

+ 0-42 

+ 0-23 

+ 0-19 

— 26 


pointed on the field of the Sun and then on a field sufBoiently distant 
to have no appreciable Einstein displacement. The observations are 
discussed in t\ie Annalen v. d, Bosscha-SterreivacM, Lembang, Java, and 
it is stated that satisfactory results are not obtainable by this method. 

Other results, but of smaller weight, are obtained by Trumpler with 
a telescope of 5 feet focal length giving 1-S2" ; by Chant and Young 
(focal length 10 ft.) giving 1*74"; and by Dodwell and Davidson 
(focal length 5 ft.) giving 1*77". 

The conclusion is that the displacement is at least as great as 
1*76", and possibly a little greater but not more than 2*0". Possibly 
a slight excess over 1*75" may be attributed to atmospheric causes. 
But there can be no doubt that Einstein’s prediction has been 
verified. It is unquestionably very difficult to obtain the exact value 
by observation. Whether the scale value can be determined by 
pointing on a field 10° or more from the Sun during the eclipse is 
still an open question, as otherwise in the most favourable circum- 
stances the weight of the result is halved by the necessity for deter- 
m inin g the scale from the same plates. But a good field of stars of 
2° to 3° surrounding the Sun is a sine qua non, with a number of them 
sufficiently near the Sun’s limb. Possibly plates sensitive in the red 
will enable stars to be photographed which would otherwise be 
drowmed in the Corona. 
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C.LIPKKK IN RELATION TO THE PHYSICAL STATE OE 
THE SUN EROM 1836 TO 1889 


arly Visual Observations. Very little attention was paid by 
d.ronoinorH to tlie striking features of total eclipses — the Corona 
ul the prominences — till nearly tke middle of the nineteenth cen- 
iry. Agues Olerket gives an interesting account of the views 
" t^arlior astronomers, who were undecided whether the Corona 
"OHO. from the Earth’s atmosphere, or whether it belonged to an 
[inos])horo of the Sun or Moon. That the Corona was in the 
limed iato vicinity of the Sun was not admitted — strange as it 
lay Hocun — by all astronomers till the advent of photography, 
loubti was even thrown on the solar nature of the prominences 
11 Heoehi and do la Kuo in 1860 showed that the Moon passed in 


•mil, of them. 

In 1836 Erancis Baily observed an annular echpse at Jedburgh 
I S<H)tland and drew attention to a picturesque featme which 
vquontly occurs at the beginning and end of totality. ‘When the 
imps of tlio Sun were about 40'’ asunder, a row of lucid points like 
string of bright beads, irregular in size and distance from each 
river, mtUlenly formed round that part of the Moon which was about 
:) enter or which might be considered as just having entered on t e 
uu'k disc.’ The aptness of this description has been recogmzed by 
lie name ‘Baily’s beads’ being given to this phenomenon. T e 
urrect oxiilanation was given by Baily ; the beads are due to irradia- 
ion on the irregular surface of the Moon. 

•\n ociually picturesque phenomenon is sometimes 

„ MI olootrio lamp lioral* the begiimmg of the eehpee or, mor 

"S’fnrP— ces. In the praetioe of mahl^ 

hk eclipse, though it was employed long ago ny o 

t nUlory of Agronomy in the Nineteenth Oenimi, pp. 
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haloes round the Sun due to atmospheric causes. Baily, observing 
at Pavia, writes : 

'The dark body of the Moon was suddenly surrounded with a Corona or 
kind of bright glory similar in shape and relative magnitude to that which 
painters draw round the head of Saints and called by the French an aureole. 

. . , The breadth of the Corona measured from the circumference of the 
Moon appeared to me to be nearly half the Moon’s diameter. The light 
was most dense close to the border of the Moon and became gradually 
and uniformly more attenuate as its distance therefrom increased, assum- 
ing the form of diverging rays, which at the extremity were more divided, 
and of an unequal length ; so that in no part of the Corona could I discover 
the regular and well-defined shape of a ring at its outer margin. It appeared 
to me to have the Sun in its centre, but I had no means of taking any 
accurate measures for determining this point. Its colour was quite white, 
not pearl colour nor yellow nor red, and the rays had a vivid and flickering 
appearance. . . . But the most remarkable circumstance attending the 
phenomenon was the appearance of three large protuberances apparently 
emanating from the circumference of the Moon, but evidently forming a 
part of the Corona. They had the appearance of mountains of prodigious 
elevation ; their colour was red tinged with lilac or purple, very different 
from the brilliant white light that formed the Corona. . . . The whole of 
these three protuberances were visible till the last moment of total 
obscuration.’ 

Airy described the Prominences as resembling saw-teeth, while Arago 
estimated their height at 2 minutes of arc — or 54,000 miles if they 
are on the Sun. The Corona was seen under excellent atmospheric 
conditions by Struve, who estimated its breadth as 25', while 
streamers were seen extending to 3 or 4 degrees from the Moon’s 
hmb. At this eclipse the general verdict of astronomers was that the 
Corona was not sufficiently bright to cast a shadow. On account of 
scattered sunlight it is generally impossible to compare the total 
fight of the Corona with the full Moon. Attempts were made to 
compare the brightness of the Corona with that of a candle, and 
to compare this with that of the full Moon when at the same alti- 
tude at this and subsequent eclipses, but the results are extremely 
doubtful. 

The eclipse of 1851 July 28 was well observed in Norway. A 
remarkable hook-shaped prominence was observed, and the Corona 
seen to a distance of about hafi the Moon’s diameter. The view that 
the chromosphere was a continuous solar atmosphere was gradually 
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received. The first astronomical photograph — a daguerreotype by 
Barkowsld — ^was taken at K6nigsberg at this eclipse. 

The First Photographic and Spectroscopic Observations. 
The collodion wet plate was invented in 1851. This required an 
exposure of only one-thirtieth of the daguerreotype process. At the 
eclipse of 1860 July 18 Warren de la Rue and Father Secchi obtained 
successful photographs at two stations in Spain 250 miles apart which 
agreed closely in the details of the prominences. Their photographs 
showed that the prominences were solar appendages as the Moon 
' passed in front of them in the course of the eclipse. 

At this eclipse definite evidence was obtained by Prazmowski of 
the radial polarization of the Corona, indicating that the light of the 
Corona consists in part of sunlight reflected from small particles. 
Successful photographs which served as a basis for a drawing of the 
Corona were taken by Whipple at Shellyville, Kentucky. 

Spectroscopy was first applied to observations of eclipses in 1868 
at the eclipse which passed over India and Malaya on August 18. 
Tennant, Janssen, Pogson, and Rayet all observed that the promin- 
ences gave a spectrum of bright lines. The red and blue lines were 
readily identified as hydrogen, and the yello'w one was attributed to 
sodium. Later it was found by Lockyer that this line was not due 
to sodium, and was not emitted in the spectrum of any element then 
known. He supposed that the line was due to an unknown element 
existing in the Sun, but not yet isolated on earth, to which he gave 
tlio name helium. As is well known, a gas which was isolated in 1895 
by Ramsay exhibits this line in its spectrum, and was at once identi- 
fied with Lockyer’s helium. 

At the same eclipse Janssen was inspired by the sight of the pro- 
minences to see them in full daylight, and next day achieved his 
resolve, and watched their changing forms on subsequent days. By 
using sufficient dispersion he was able to reduce the atmospheric 
glare to such an extent that the bright red line emitted from the 
prominence showed its form in a widened slit placed tangential 
to the Sun^s limb. Meanwhile Lockyer, on October 20, working 
independently on the same lines in London, achieved the same 
result* Lookyer’s and Janssen’s communications reached the Paris 
Academy of Sciences on the same day, and these two investigators 
were awarded a joint medal for their great discovery. 

The eclipse of 1809 August 7 was visible in the United States, and 
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Professor Harkness obtained a continuous spectrum of the Corona 
with one bright line in the green. The position of this lino was 
(wrongly) identified by Young with a dark line due to iron and 
called K 1474 firom its number in KirchhofE’s solar spectrum, having 
a wave-length 5316-0 A. 

Observations from 1870 to 1875. The eclipse of 1870 Decem- 
ber 22 , which was visible in Spain, North Africa, Greece, and Turkey, 
was remarkable for the discovery of ‘the reversing layer’ or ‘flash 
spectrum ’ as it has been variously called. Young, placing the slit of 
his spectroscope tangential to the Sun near the moment of totality, 
saw the dark-line solar spectrum gradually fade away and suddenly 
become replaced by bright fines. It gave to him the impression of a 
complete reversal of the Fraunhofer spectrum. He identified about 
20 fines, including the hydrogen fines Ha and H|S, the sodium and 
magnesium fines, and the fine D 3 (5875-6 A.) of helium. He also 
examined carefully the green Coronal fine, and found that its wave- 
length agreed with his determination in 1869 and that the fine 
extended to a distance of 16' from the Sun’s limb, though he was 
doubtful of the reality of this extension. Young carefully examined 
the spectrum of the Corona for dark fines, but found none. Observa- 
tions of polarization were made by several astronomers. Langley 
foimd evidences of this to a distance of 40' fcom the limb. Blaserna 
found radial polarization to a distance of 30' but no farther, 

A.t the eclipse of 1871 December 12, which passed over southern 
India, photographs of the Corona showed a considerable advance on 
those taken in former years, and exhibited the forms of the streamers 
and the tufts at the north and south pole. In this eclipse Kespighi 
and Lockyer placed a prism in front of the object-glass of the telescope 
mstead of using a slit spectroscope, and obtained bright arcs of the 
chromosphere at the beginning and end of the eclipse. Respighi 
made visual observations of these, while Lockyer obtained photo- 
^aphs. They identified the four hydrogen fines Ha, H^, Hy, HS and 
the Coronal line K 1474. 


Janssen, who placed the slit of his spectroscope 12' from the limb, 
found these bnght fines, and also the dark D fine and another dark 
fine which he could not identify. The importance of this observation 

polariscopic result, showing that the light 
ot the Corona is partly reflected sunlight. 

The eclipse of 1874 April 16 was observed by Stone in South Africa. 
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The Corona had long streamers said to extend to three degrees from 
the Sun’s centre. At the moment of totality a large number of bright 
lines were seen, giving the impression of a reversal of the Fraunhofer 
spectrum. The line K 1474 and no others were seen when the Corona 
was examined at some distance from the limb. 

For the eclipse of 1876 April 6, which passed over Siam, Lockyer 
proposed that an attempt should be made to photograph the spec- 
trum of the Corona. As he was himself unable to leave England, the 
expedition was put in charge of Schuster. No spectrum of the Corona 
was obtained. The existence of the H and K lines of calcium in the 
prominences was detected, though the dispersion was insufficient to 
separate the two lines. The form of the Corona was very similar to 
that of the previous year. 

Observations from 1878 to 1889. The eclipse of 1878 July 19 
was observed by many astronomers in the United States of America. 
From the summit of Pike’s Peak Langleyf observed streamers ex- 
tending to as much as 6°, the longest being in the ecliptic. This 
naturally suggested a connexion with the zodiacal light. The polar 
tufts were well shown with their suggestion of lines of force round a 
bar magnet. The intensity of the chromospheric spectrum and of the 
Coronal line K 1474 were comparatively small. 

The eclipse of 1882 May 17 was well observed in Egypt. The 
Corona was like that of 1871, eleven years previously, when the sun- 
spots were near their maximum. This conhxmed previous views of 
the relationship of the form of the Corona with the activity of the 
Sun shown by its spots. With dry plates, which were now in use, 
excellent photographs of the Corona were taken by Schuster.J A 
number of chromospheric lines were obtained by him with a slit 
spectroscope, while the H and K lines and a long series of hydrogen 
lines were found by Lockyerjl in a prominence photographed by a 
prismatic camera. 

The eclipse of 1883 May 6, being of very long duration, was 
observed in the Caroline Islands by many astronomers from Europe 
and America. Photographs were taken showing the Corona very 
clearly. The most important observation was the confirmation of 
the presence of dark Fraunhofer lines in the spectrum of the Corona 

by Janssen.tt 

•)■ WashingUm Observations, f Proc. iJ.®. 35, 161 (1883). 

II Abney, PMl. Trans. 175, 267 (1884). tt 97, 692 (1883). 
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The eclipses of 1886, 1887, and 1889 yielded little advance except 
gradual improvement in the photography of the Corona, the small- 
scale photographs of Barnard of the eclipse of 1889 January 1 taken 
in California being particularly good. As very great advances in 
eclipse spectroscopy were to be made at subsequent eclipses, a 
natural period, that of the pioneer stage in the photography of 
eclipse spectra, draws to a close with the eclipse of 1889. 

Full details of the observations made at the total eclipses from 
1836 to 1878 are collected by Ranyard in vol. 41 of the Memoirs of 
the Royal Astronomical Society, with references to the original 
publications. 



IX 

ECLIPSE EXPEDITIONS— INSTRUMENTS 


ORaANiZED expeditions to observe total solar eclipses have been 
made about fifty times. Predicted tracks of the central band are 
usually prepared several years in advance, and intending observers 
select stations in accordance as far as possible with railway and 
steamer facilities. Meteorological inquiries are made as to the prob- 
ability of fine weather at the time of year and time of day at which 
the eclipse will occur. This probabihty has to be determined &om 
the records of preceding years and is very far from certainty. The 
observers go hoping for the best and prepared for the worst. 

Before the advent of photography the observers had only small 
telescopes, si)ectroscopes, or polariscopes. At the present time equip- 
ment is much more elaborate, and preparations are made for housing 
the instruments in temporary observatories which will provide shelter 
from rain and sun, as well as from wind and dust. Piers of concrete 
or brick have to bo built for the instruments. A developing room for 
photograjfiiB is desirable, at any rate for preliminary observations 
for focussing, etc. When a comparison spectrum is required, provision 
has to bo made for suitable electric current. Experience shows that 
it is as well to leave ample time to erect the instruments before the 
day of the eclipse. 

Fall of Illumination and Temperature. The general fall of mten- 
sity of visual light is well shown by a diagram (Fig. 14) given by 
Stetson, Oohlentz, Arnold, and Spurrf made in Sumatra at the eoh^pse 
of 1<)2C January 14 by means of a Macbeth illummometer, w ic 
could bo adjusted in various, ways to give readings from 0-003 to 


10,000 foot-candles. 

TheoclipsecommencedatU.T.6H0™mid-echpsewasat7 35 50, 

and the total phase lasted 4-2"*. 

The fall in temperature is shown in the table on t ® ^ 

Diminishing Crescent. The time of commencement of the total 
phL at a station whose longitude and latitude ^ 

; .Adictod correctly to 3 or 4 seconds. If, however, the longitude ot 

retLt. i. Ody toperfeotly taown. “ 

of tto pho*, oa judged by the obeerrer » ebronometer. mey * 

+ Jb66,66 (1928). 


I 
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be 10 seconds in error. As it is of importance to know the moment 
of commencement of totality more nearly, the diminishing crescent 



Eig. 14 


Time 

1 Thermometer 

Wet-hulb 

Dry-hulb 

U.T. h. m. 

Q 

0 

G 46 

78*4 

880 

66 

78*0 

80-2 

7 06 

78*1 

86*6 

16 ! 

76-0 

83*8 

36 

' 76-0 

82*0 (ostimatod) 

8 03 

76*1 

82‘6 

14 

76-1 

83*0 

26 

78-0 

86-6 

35 

77'2 

860 

43 

79-3 

86-8 


of the Sun is watched on the ground-glass of the camera. For a 
point of the central line let S be the centre of the Sun, M of the Moon, 
and ADBG the crescent, subtending an angle 2d at S. 

Let D be the radius of the Sun, D-{-d that of the Moon, and 2T sec. 
the duration of the total phase ; and let OD = djn. 
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Then Jf;S = d|l + IJ. 

The equations of the two circles arc 





Subtracting, we find 


n 2»+l 

X = - 7 ' ~ "“ 7 d, 

n-\-l n{n-\-l) 


or 


COS0 


n d 

TO+1~^ 2w(n4-i)-^^ 


d/D rarely exceeds jg. 

Putting n = 1, i.e. f’seo. before second contact, 
COS0 lies between 0-600 and 0-646, 
or 6 lies between 60° and 67°, 


Omitting the term in djD 

Por a total arc of 120° totality will follow in T sec. 

„ „ 90° „ „ „ 0-41TSCC. 

,, ,, 60° „ ,, ,, O-lSSTsec. 

„ „ 30° „ „ „ 0-036Tseo. 

If the observer is not on the central line, the time of the total 
phase 2T corresponds to a movement of the shadow through a dis- 
tance 2d sin a, where 2a is the angular distance between the points 
of second and third contact. At time Tjn before second contact the 
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semi-arc is given by the formula cos0 == ^^/^(?^2-|-2^^sin2a-|-sin2Q:). 
In this way the observer has sufficient warning to commence ex- 
posures for the flash spectrum or start the moving plate the right 
number of seconds before the total j)hase begins. At the moment of 
totality it is usual for seconds to be counted from a chronometer by 
a member of the party, so that exposures with different instruments 
may be begun and ended according to a specified programme. 

The necessities imposed on eclipse observers by difficulties of 
transport and the brief time which can be spared for their erection 
have led to various expedients for simplifying the mounting. 

Schaberle’s Fixed Telescope. Schaberlef decided to obtain 
photographs on a larger scale than those observed hitherto at an 
eclipse he proposed to observe in Chile on April 16, 1893. He had 
at his disposal an excellent Clark objective of 5 inches aperture and 
40 feet focal length. He decided not to use a horizontal telescope in 
connexion with a plane mirror driven by a heliostat, as he considered 
that the best results could not be obtained by using an intermediate 
reflecting surface, not to mention the rotation of the field in a long 
exposure. The transport and erection of an equatorial mounting 
was impracticable. He therefore decided to use a fixed telescope 
pointing at the Sun at the moment of the eclipse. The object-glass 
was mounted on one pillar, and a movable photographic plate on a 
second. The motion of the slide carrying the photographic plate was 
regulated by inclined guides and clockwork to give the velocity and 
direction of the Sun’s image at the time of the eclipse. The tube of 
the telescope was of canvas painted black inside and outside, 2 feet 
square at the objective end, expanding to 4 feet at the eye end, and 
terminating in the dark room where the observer was stationed. 
The canvas tube was kept clear of the objective and the moving 
slides. Although in the course of the eclipse the Sun is sometimes 
at a distance from the optical axis, optical aberrations are inappre- 
ciable owing to the great focal length. Excellent photographs were 
taken at this eclipse, and a similar installation was employed by 
astronomers from the Lick Observatory in several later expeditions. 

A still larger telescope was used by Miller and the Swarthmore 
College observers at the eclipses of 1918, 1923, 1925, and 1926. 
A 9-inch objective of focal length 63 feet was used, and a tower of 
63 feet had to be bmlt. The car carrying the photographic plate 

t L.O., No. 4. 
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moved 3*09 inches a minute. Excellent photographs of the Corona 
with a Moon’s image of seven inches were obtained. 

Campbell’s Polar Axis. If an equatorial mounting is used at 
an eclipse, it is not necessary that the telescope should be available 
as in an observatory for all parts of the sky. Provided an efficient 
driving can be secured for 20 minutes at the time of totality, other 
requirements are not essential. Campbellf at the Indian eclipse of 
1898 used a polar axis which carried two spectrographs and three 
photographic telescopes. The polar axis was a strong plank box, 
12 by 15 inches in section, 9 feet long, mounted parallel to the Earth’s 
axis on steel pivots at each end, running in roller bearings. Prom the 
middle of one side of the box a strong arm thoroughly braced in every 
direction ran out ten feet, at right angles to the box. At the outer end 
of the arm a sector of 10-foot radius was fastened. An astronomical 
driving-clock securely mounted very close to the sector released a cord 
which pressed against the face of the sector, and lowered it at a uniform 
rate. The polar axis served as apacking-casc. The same mounting was 
used successfully at Flint Island in 1908, and in Australia in 1922. 
The same method of driving was used on the 15-foot photographic 
telescope for the gravitational displacement predicted by Einstein, 
and furnished the most complete test of the accuracy of the driving. 
This method has been extensively used by American astronomers. 

The Coelostat. A great convenience in eclipse observations is 
obtained by the use of reflecting mirrors. A telescope of any length 
can bo used, and spectroscopes can be conveiiiently mounted as in 
a laboratory. The polar heliostat, besides giving a rotation of the 
field, is not very satisfactory at large hour angles. In 1895 Lippmann 
observed that a mirror turning about an axis in its plane and pointing 
to the polo moving with half the diurnal rotation would not only 
give an image of the Sun in a definite azimuth, but would also give 
no rotation of the field. The geometry is readily seen from Pig. 16, 
which is a projection on the piano of the Meridian. 

7j is the Zenith, 

T and P' the poles, 

E the east point, 

Bx the position of the Sun at rising, 

0 a point so that EO = 

M the normal to the mirror, 
t I\AS.P. 10, 131 (1898). 
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The Sun moves along the parallel to 8 ^- 08^ is bisected at the Equator 
at M, 0 is the fixed direction of the ray reflected by a mirror whoso 
normal is in direction M, As the angle M 82 P = MOP\ the north 
point of the Sun still remains the north point in the image. The 
point M moves with half the diurnal motion along the Equator. 

There are two points at which the 
camera may be mounted horizon- 
tally, one suitable for an eclipse in 
the morning, as in the diagram, so 
that the angle of incidence of the 
Sun’s ray on the mirror is always 
less than 45°. Eor an eclipse in 
the afternoon 0 would be in a 
similar relation to the setting- 
point of the Sun. 

The mechanical construction is 
very simple, as the coelostat mirror 
rests in a cell clamped to the polar 
axis and moved by clockwork at 
half the diurnal rate. The adjustment of the polar axis is readily 
secured as in an equatorial, by obtaining the image of the Sun in the 
same position from observations in the early morning, near noon, 
and the evening* 

Coelostats were constructed for the eclipse of 1896 on Turner’s 
advice, and have been used by many observers in subsequent eclipses. 
The ease of movement and the adjustment to any required latitude 
are valuable features of this instrument. A slight disadvantage is 
that small changes must be made in the azimuth in consequence of 
the Sun’s changing declination. The object-glass of the telescope is 
kept as near the coelostat mirror as possible, and provision should 
be made by previous calculation of the exact position of the camera 
end, as a change of several feet may occur in a long telescope between 
the time when the instrument was set up and the day of the eclipse. 
This can be avoided by use of a second mirror, but is not to be 
recommended for eclipse observations. 

The difSculties which attend the use of coelostat mirrors are 
gradually being reduced. Silvering mirrors on the spot was some- 
times necessary or spare mirrors had to be taken. Observers naturally 
protected the mirrors by exposing them as little as possible to direct 
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sunlight to avoid alteration of figuie Probably aluminized mirrors 
of iiyrex glass ’will be used in future expeditions 

'I'ho use of coelostat inirrors avoids the necessity for the erection 
of largo towers and meolianism for moving the canieia when laige- 
scale iihotographs aio required They have also the advantage of 
allowing ]ihy8ical observations to be made as in a laboratory, where 
efTioiont tomxieraturo control can be made Where sbt spectroscopes 
fU’O used, tho jirisras should be kept at constant teinperatuie if the 
host losults are to bo obtained f 

'flio objection raised against them that the figure of the minor is 
cliangod by tho Sun’s heat seems to us of little weight when auJhcient 
caro IS taken by the observers to pioteot the rairroi. The possibihty 
of stratifloation in tho hoiizontal telescope should be guarded agamst 
A largo opon-work frame covered by canvas, shielded as much as 
possible fioin tho Sun’s lieat, and provided with a fan foi the circula- 
tion ol’ tho air should avoid this difficulty 

t Hoo Cftiioll, Nahoe, Aug 20, 1036, p 361 
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THE FLASH SPECTRUM 

The Solar Spectrum at Second Contact. When Young | exam- 
ined the solar s]jeoiium visually at the eclipse of 1871 ho saw that at 
the moment of second contact the weaker Erannhofor lines loverso 
sharply from daik to bright. The bright linos a}ipear to flash out 
sharply at second contact, and the omission spectrum at second (or 
third) contact is known as the flash spootnim Tlio strongest omission 
lines do not flash but remain visible for a longer interval: the whole 
emission spectrum is of couiso due to the topmost layers of the Sun’s 
atmospheie which remain visible when tlio disk itself is out oft. Tho 
region is known as the ohromosphere, tlie name having been given 
by Lockyer on account of its bright red appearance to tho naked eye, 
and the region responsible for the flash spectrum is tlie lower oliromo- 
sphero The bright flash was at flist thouglit to be an exact reversal 
of the Fraunhofer spectrum, and tho layer responsible for it was 
called the reversing layer and presumed to be the seat of the formation 
of the Fraunhofer lines, but it is now known tliat tho flash speotrum 
IS far from being a leversal of the Fraunhofer spectrum 

In 1872, when Young made extensive observations on the spec- 
trum of chromospheio and prominences, and made out a list of 
273 Imes in the visible spectrum, he concluded that they wore 
for the most pait reversals of the dark Fraunhofer lines. ‘Tho 
selection of tho linos’, he remarks, | ‘seems most capricious; one is 
taken and another left, though belonging to the same element, of 
equal intensity and close beside each other.’ Subsequent oohpso 
expeditions extended and improved tho observations. Lockyer took 
up the question in 1893 and sent two expeditions to observe tho 
eclipse of that year, Fowler going to West Africa and Shaekleton to 
Brazil, both of these observers securing photographs of the flash 
speotrum Shaekleton obtained better results in 1896 in Nova 
Zembla, but still more successful results were obtained in 1898 by 
Fowler and W H. Lockyer in Lookyer’s|l expedition to India. 
Fowler operated a prismatic camera with a 6-inoh aperture, focal 
length 90 inches, and two 46° prisms, while Lookyer’s had an aperture 

t Mem, HAS 41, 43B. J y/ie Sun, p 200. 

t| Phil, Ttana , Seiios A, 197, 151 (1001) 
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of 9 inches, focal length 120 inches, and one 45° piism In older to 
ensuio that the actual flash, which is of brief duration, should be 
photographed, each obseivei took ton snap exposures fiom 6 seconds 
befoie totality to 5 seconds after totality, changed plates for ex- 
posures on the spoctiU-in of the Corona, and took ten inoie snapshots 
at thud contact. Those photogiaphs weio very successful, the 6-inch 
camera being in very shaip focus The results of this expedition were 
not published until 1901, but were remarkable in that tliey wore the 
fiist to demonstiato that the flash spectrum is not a reversal of the 
Fraunhofer spectrum 

Enhanced Lines in the Chromosphere. Observations at South 
Kensington had shown difloiences between the intensities of the lines 
in arc and spark sjioctia. Many weak linos in the arc appear greatly 
‘enhanced’ in the spark’ the diiTeionces were at first attiibutod to 
increased tomporaturos in the apaik over the arc, but later a difler- 
enco 111 the electrical conditions was considoied to be a possible 
explanation of the dirtoroncos in the spectra the enhanced lines wore 
attributed to a primitive state of the atom 

A largo number of the 1898 chromosphorio lines are identified as 
p.Ti (iiroto-titanium) and p.Fo and a smaller number as p.Cr, p.V, 
and p.Y, io the enhanced linos of those oloraents The carbon 
fluting at 3,883 A. is also shown. It was noted that the linos of H, 
lie, Oa, and a lino at 4,680 A.i reached to groat hoiglits. Altogether, 
850 linos wore moasui’od and a fair proportion of them were identified 
The pi’osonco of the helium linos, the extended series of hydrogen 
linos, and the increased intensity of the enhanced linos led to the 
conclusion that the oliromosphorio spectrum was ‘not a mere reversal 
of the dark linos of ordinary sunlight into bright lines’. From the 
lengths of the arcs heights were found for many lines. 

‘J'ho same ooli]iBO was observed by Evorshod with much smaller 
apparatus, an object-glass of 2 iiiolios and focal length of 30 inches 
with two crown-glass jirisms in front of the object-glass Ifo obtained 
an extension in the ultra-violet as far as 3,342 A., obtained 30 
linos of the Balmor series in good accordance with the formula, and 
diow attention to tho continuous Bpootrum of the chromosphere and 
prominences beginning near the end of tho series of hydrogen lines, 
which Huggins had found in tho absorjition spootra of early-typo 
stars Evorshod dodneod from his identifications that all the strong 
t Bn ICO idoiiUIiod by Fowloi m 3Io^ 
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solar lines were found in the oliiomospheiio spectrum, and that the 
relative intensities for any element weie similar to tliose in Uio Fraun- 
hofer spectrum but diffoied fiom one element to anothoi, on account 
of the diflferent heights to whioli they rise in the chromosphoro He 
concluded that the flash spectrum lepreseiiied the upper and more 
extensively diffused portion of a stiatum of gas winch, by its absoip- 
tion, gave the Fraunhofer daik-hno spectrum. 

The fact that the chromosphere did not piesont a more reveisal of 
the Fraunhofer lines was not accepted immediately. The ^ enlianced ’ 
lines certainly presented a cuiious piobloni TJie temperature of 
the ohiomosphere is necessarily less than the layer benoatli, but the 
^enhanced* lines apparently pointed to a higher temperature in the 
higher layer Probably Lockyei was as much distuibed by this 
apparent anomaly as other astronomers, though one of the writers 
has heard him say, when questioned at the Royal Society, that in 
temperatuie he included electrical conditions. But to Lookyor and 
Fowler must be given the great credit of establishing by observation 
the enhanced lines as a ohai’aotenstio oi the ohromospherio speotrum 
Discussion of this question of the facts continued to flourish for 
several years, and other observers continued to assert that the 
chromospheric speotrum was a true reversal of the Fraunhofer spoo- 
trum, the relative intensities of enhanced and iinenhanced lines being 
the same in the two oases 

Only prehmmary results were given by Campbell, | Nowall, and 
Hills Newall J noted that the absorption lines in the arcs near totality 
were of very difieient mtensitics from those in the usual Fraunhofer 
spectrum Hills, J who observed with two slit spootrosoopes, gave 
the chromosphere from 3,930 A. to 4,340 A. side by side with the 
Fraunhofer speotrum in order to indicate the differences between 
them 

At the eclipse of 1900 May 28 the flash spectrum was observed in 
America by Campbell, Frost, Lord, and Mitoholl, in Portugal by 
Dyson, and in North Africa by Newall and Eveished Frost, || with 
a considerable dispersion, obtained 600 lines between 4,024 A. and 
4,477 A. He concluded that the spectrum was essentially a reversal 
of the Fraunhofer speotrum and that there was no evidence of any 
relationship with the enhanced lines of Lookyer. 

^ Ap J \1, 226 (1000) 

II Ap J. 12, 307 (1000) 


t Proo. n S 64, 43 (1808) 
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Loid, f on the otliei hand, whose speoka extended from 4,340 A 
to 6,896 A., found considerable diffoi'onces fiom the Fraiinhofei 
spectrum He noted that there were 73 hues of intensity 4 in Row- 
land’s Tables of the Solai Spectrum which were not shown in his 
photographs, and that more than half of these were due to non 

Evershed.J who used a lefleoting telescope and two light flint 
piisms, obtained excellent photographs of a higher dispersion than 
ho had obtained m 1898, On aocount of a slight error in the predicted 
width of the track he was just outside the limit of totality, and m 
consequence the continuous spoctruin was shown in his photographs, 
but blight arcs were shown with perfect clearness outside the con- 
tinuous spectrum His station was in such a position that the ‘flash’ 
spectrum was near the south polo of the Sun and was found to be 
the same as in equatoiial legioiis Ho obtained about 600 lines from 
3,488 A to 6,040 A., 300 of which weie on tho violet side of 4,000 A. 
Of tho Ealmer series, 30 lines wore shown whoso wavo-leiigths weie 
111 good accoi dance with the theoietical formula In lus discussion 
of these photographs ho was docisive on tho fact that the ‘enhanced ’ 
lines play a significant part in tho 'flash’ spootrum, but hold that as 
to tho great majority of linos tho chiomosphorio was a true loversal 
of tho Eraiinhofor spootrum 

The eclipse of 1001 May 18 was observed by many astionomors in 
Sumatra. Moasuies of linos m the sjiootra of tho chromosphere weie 
published at once by Humphreys and Mitoholl. Humphreys,!! with 
a 30-foot concave grating, obtained about 320 linos from 3,118 A. 
to 6,204 A. These observations of Humphroys wei’o identified by 
Dewar with tho linos of tho rare gases of tho atmosphere rocontly 
discovered, but this identification was soon shown to bo eiToneous by 
Lookyer. Mitchell !•!• obtained 600 linos from 3,836 A. to 4,924 A , 
but saw no reason to give up his faith m tho reversal of tho Fraun- 
hofer speotriim and failed to see the importance of the ‘enhanced’ 
Unos 

Meanwhile, Fowler m Juno 1902j; !. pointed out that the ‘ enhanced ’ 
linos ocouiTod in tho spootrum of a Cygni, a giant star of typo A2p in 
which the are linos wore not shown Fui ther, Lookyer and Baxondall|!|! 
showed that tho relative intensities of spark and aro linos in y Cygni, 


t Aj) J 13, wo (1001) 

II A]) J 16, 3ia (1002) 

ObB Mag 25, 233 (1002). 


X PJnl, T}an8 1 Soiios A, 201, 467 (1003) 
tt Ap J 15, «7 (1002), 
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a giant star of type n?8p, were very similar to those in the chromo- 
spheric spectrum, which, if anything, repiesented a sUgiitly Iiigher 
temporatuie than that of the star 
At the eclipse of 1906 August 30 the chromosphoiio spectrum was 
photographed by several astronomeis The results of i}hotogiaphs 
taken in 1900, 1901, 1005, with slit spootroacopes, wore pubhslied 
by Dyson m 1906 f About 1,200 lines weie shown extending from 
3,300 A. to 6,876 A, Where the lines weie identified they were 
compared with the intensities in the solar, spaik, and arc spectra 
The agieement with the spark spcctia was much the best and 
Lookyer’s enlianced lines weie prominently shown The losiilts en- 
tirely confiimed Lookyer’s conclusion It was noticed that the helium 
lines were relatively strong m the higher chromosphere 
Observations of the Chromospheric Spectrum without 
Eclipse. The observation of tlie chromospheric spectrum without an 
eclipse had long been advocated by Halo, as it was impossible, on 
account of the brief duration of the flash to photograph its spectrum 
with a slit spectrograph of the highest dispersion For this reason 
sUtless spectrographs, or prismatic cameras, were usually employed 
These record a great number of lines, but the absence of a slit pi events 
one fioni measuring thoir wave-lengths with such precision as is 
obtainablo in other fields of solar xosoarch Those considerations 
led Hale and Adams J to photograph the flash spectrum with liiglx 
dispersion m full sunhght The practical difficulty arises that it is 
necessary to keep the solar image aoourately tangential to the slit 
throughout the exposure. Prehminaiy results obtained in 1900 pro- 
duced accurate wave-lengths for a limited number of lines including 
tho carbon band at 6,166 A In 1914 Adams and Miss Burwoll 
published further results in winch the spectrum from 4,800 A, to 
6,600 A, was described as photographed with the 60-foot tower 
telescope at Mount Wilson The spectra were obtained in the second 
order of the giating with exposures of 6 to 10 minutes, the scale being 
O' 9 A per mm. The observation is only possible whon the definition 
is very good, which is raiely the cose, but observations of this kind 
are of the highest value They refer to a low level in the chromosphere 
The oliromospherio spectrum has also been photographed during 
a partial eclipse. At the eclipse of 1912 April 17, whon the obsoura- 

t PhtU Trans , Souos A> 206, 403 (1000). 

% Ap J 30, 222 (1900), 
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tion was 0-9 of the solar disk in England, Newall] photographed 
between thirty and forty bright lines at Cambridge, while Fowler J 
at South Kensington observed visually some hundreds of bright 
lines which persisted for half an hour round the time of mid-eolipso. 
Both obseivei’s were convinced that valuable results might bo soeiued 
fioin obsoivations of the cusps with a high resolving power The 
same eolipso was observed m Spam, whore the obscuration was O'OOO, 
by Iniguez,|| who observed 1,800 chiomospheric linos between 3,331 A. 
and the D linos, oonfiiming the intensification of enhanced lines in 
the ohiomospheiio siiectrum 

The Theoretical Problem presented by the Enhanced Lines. 
After 1906 no writer doubts the fact that the enhanced lines in the 
sjiectrura of the chromosphere arc stiongthonod relative to the arc 
linos . the more accurate wave-lengths which weio now obtained set 
aside all doubts on the question of observational fact, although the 
theoretical interpretation was to remain obsouio for a further decade, 
Thus Mitchell, 1 1* writing as late as 1013 of his sjioctra obtained at the 
1906 eclipse with good apparatus (ho used a 4-inoh parabolic grating 
giving 10*8 A, per mm for the violet and a 6-inch Rowland grating 
giving 9TA per mm ior the visible spectrum), finds that ‘the 
chromospheric sjioctrum differs greatly from the solar spectrum in 
the intensities of the lines’ and ‘especially prominent in the chromo- 
spheric spectrum are the enhanced linos’. Writing of the enhanced 
linos in 1913, Mitchell says • 

‘The importance of enhanced linos in eclipse spectra was first recognized 
by Sir Noimati Loolcyor 'Clio piosont inonauros confirm the important 
part played by the onhaiiood linos in the ohromosplioro, whioli ai o not only 
stronger but extend to higher levels than the unonhanoocl linos 
Lockyor’s explanation of the biillianoy of the onhaiicod linos has always 
boon one mainly of lomporaturo, Aoooidmg to him, the spark is hotter 
than tho arc, and at the lughor tomiioratiu’o of the spark the olomont is 
dissociated, Applied to tho ohromosplioro this boars tlio ourious conso 
quonco that the higher lovols aro hotter than tlio lower, whioh scorns a 
oontiadiotory ono, ’ 

Mitoholl quoted authorities to sliow that tho spark was not neces- 
sarily hotter than tho aro, and expressed tho opinion that eloobrioal 
. conditions were responsible for tho enhanced linos m both spark and 

■\ MN HAS. 72,530 (1012), 

II O.li. 1S4, 1142 (1012). 
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flash spectra On the other hand, it must ho lememhorod that 
Loohyer and Fowler had found enhanced lines in tho spectra of stars 
which were hotter than the Sun , and as has been said before Lookyer 
had stated at the Royal Society that under temperature ho included 
electrical conditions 

Ionization « It was not until 1920 that this problem received a 
satisfaotoiy solution it was clear that temperatuie could not be the 
only factor influencing the relative intensity of enhanced and arc 
lines, otherwise there would be no escape fiom tho conclusion that 
the chromosphere was hotter than tho leveising layer Tlio problem 
was tlie isolation of the unknown factor, which turned out to bo 
pressuie— inoio precisely the partial pressure of tho electrons present 
As early as 1913 Bohr showed from theoretical considerations alone 
that the Piokering series is due to ionized helium, or He*, tho series 
being as yet unknown in the laboratory, though it Avas immediately 
found by FoAvler Enhanced lines generally became identified with 
ionized elements , their occurrence in stellar spectra was attributed 
to dissociation of atoms into ions and electrons at the high lompora- 
tur© in the stellar atmospheres where onhanced lines ocouried , but in 
1920 Meg Nad Saha| made a vital advance, when ho showed that, in 
addition to temperature, pressure infl^uences a controlling nifiuonoe 
on ionization, tho reaction 

Pe ^ Pe ^ 

being similar to a reversible chemical reaction At a given tempora- 
turo and pressure the equilibrium between the three components — 
neutral iron atoms, ionized iron atoms, and electrons — ^is reached 
when the numbers of each per cm, reach definite values, Tnoroaso of 
pressure increases the proportion of nouti^al to ionized atoms* Saha 
showed that the great ionization in the chromosphere is due to the 
very low pressure there, the decrease of piessuro more than compen- 
sating for tho drop in temperature from le versing layer to chromo- 
sphere, Hence tho enhanced lines in the ohromosphoro, Pressure 
being taken into account, it seems only natural to oxjioot a high 
degree of ionization in the outermost layers of the solar atmospheie, 
and it now requires an effort of historical imagination to approoiaio 
the diflioulties felt only twenty years ago. 

Recent Chromospheric Spectra, At the eclipse of 1926 January 
14 Davidson and StrattonJ photographed tho spectrum oi the ohromo- 
t Phil. Mag, Oot. im. f Mem PuLS. 64, 105, 
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spheie, with tlio quaitz spectrograph used by Hills in 1898 and by 
observers at latei eclipses, between 3,066 A and 4,216 A Intensities 
on an arbitiary scale aio given in the ‘flash’ andmahigh prominence 
They liave identifled the lines by direct comparison with the spectra 
of the elements, or as calculated fiom the series relationship, along 
with the multiplet with which the line is classified This appears to 
us the most satisfactory way of identifying the lines. 

At the same expedition successful plates wore taken with speotro- 
giaphio cameras by Aston and Waley Cohen for the lengths of the 
cluoraospheiio arcs 

At the same eclipse Curtis and Burns [• extended knowledge of the 
spectrum in the infia-ied , they obtained the oxygon triplet 7,772 A., 
7,774 A , and 7,776 A (unresolved) and the Oa^ pair at 8,642 A and 
8,662 A 

In 1930 Milchellf published a description of his spectra obtained 
m 1906 and 1926, using a largo concave grating giving a dispersion 
of 10 8 A. poi mm. The length of spectrum covered was from 3,318 A. 
to 6,191 A in 1906 and from 3,300 A to 7,066 A. in 1926, 

Tlie oxcollonoo of tho focussing and the largo dispoision makes this 
tho most complete spectrum of tho chromosphere. By tho addition 
of Stratton and Davidson’s results from 3,066 A to 3,300 A. no loss 
than 3,260 hnes are given, Exception may be taken to tlie identifica- 
tion of every lino with a line or group of lines in Rowland’s solar 
spectrum, m view of tho dilloience of dispersion and tho dissimilarity 
of tho spectra. 

In tho view of the authors it is bettor to compaio du’eotly with the 
spectra of tho elements in their normal and ionized states, gradually 
working down in intensity till lines are no longer seen Many faint 
ohromosphorio linos will be umdentifiod, but identification of suoli 
lines by otlior methods is of little value. 

Eor comparison of a line spectrum and spectrum of arcs taken by 
a prismatic camera, an illustration (Plate 6) is given of tlie ohromo- 
sphorio spootrum taken by tho Gieemvioh expedition to Parent in 
Canada at the eclipse of 1932 August 31. 

The observations by Campbell in 1808, 1006, and 1908 and pub- 
lished by Campbell and Monzol|| in 1931 introduced a new feature of 
great value into tho photography of tho ‘flash’ speotrum. Instead 

t Publ Alleghany Ob», 6, OB (1026). % Ap,J 71, 1 (1080) 
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of discontinuous exposures of arcs of the Sun’s limb as shown in 
IPlate 6, CampboUf inserted a slit 0’06 inch wide placed loss than 
0*02 moll in front of the pliologiaphio plate, thus peimittiiig only 
a small portion of the arc to bo photographed. The plate was moved 
uniformly in the direction of the spectral lines as shown in Fig 17, 
taken from the Lick Observatory volume An exposuie of 24 seconds 
was given, the speed of the plate in 1906 being 0-06 inch per second, 



the eSeotiva exposure along any section being about 1 second. The 
accompanying illustration gives an uneiilarged print extending from 
the violet side of (3,880 A ) to beyond the Mg linos (6,184 A.). 
In the Lick Observatory volume five enlargements are given, and 
the one extending from 4,130 A to 4,460 A. is reproduced. These 
photographs show to the eye the nature of the reversal of the linos 
and give the best description of the Sun’s surface for a few thousand 
Idlometres above and below the chromospheric level, Generally 
spealdng, the stronger lines are reversed lower down and extend 
to greater heights. Attention is drawn by Menzel to the different 
behaviour of some bnea, for example 4,216 A, Sr+ and 4,227 A Ca, 
The latter reverses sharply just inside the disk, while the former is 
reversed at a great depth In addition to the moving plates are 
spectra obtained in 1906 were used to a limited extent. The plates 
have been carefully measured and discussed by Monzol. In the 
identification of the lines he used solar hnes, hut bore in mind the 
differences between the spectra as regards ionized Imes, the multiplot 
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olaasiflcation, and tlie behaviour of the lines in Kmg^s fuinaco speotra. 
The heights of the lines aie given and the depth below the chromo-' 
sphere at which levoisal takes place 

A study of the legion from 3,913 A to 4,466 A was made by means 
of a Moll inioiopliotomoter, and the intensities determined at the 
heights 170, 386, 000, 1,030, 1,676, and 2,320 kin. are given m a 
separate table 

In a third table the intensities of the hues ol different elements in 
the flash aio given along with excitation potential, spootial classifioa- 
tion and the wavo-lengtlia given by laboiatory researches 

Menzel follows this up by a study Of the chromosphere, dealing 
with its density gradient, abimdanco of olomoiits, and the various 
theories of its equilibiium Ho makes a comparison of the ‘moving ’ 
plate with the ‘arc’ spoctia to doteimnio the heights of lines, He 
points out clearly that tho heights determined by either method 
cannot bo separated from tho intensity of tho lino and tho speed of 
tho plate 

Description of the Flash Spectrum, Tho mam featuies of the 
spoctium of tho oluomosphoro are as follows. It differs from the 
Fraunhofer spectrum in that tho relative intonsitios of tho linos are 
greatly ohangod, the enhanced lines (linos duo to ionized elements) 
hoiiig greatly strengthened in tho chromosphoro. Tho stiongost lines 
are those duo to Ca ' , TI, and K. The Balmor senes of hydrogen is 
also strong; nearly forty linos in tliis soiios have been identified by 
several astronomeis, and the continuous spootrum at the head of the 
series may also ho seen Helium and ionized helium are present. 
Ionized metals inoludiiig tho rare earths are veiy prorainont, and 
some cyanogen and carbon bands aro shown. 

Tho ohromosiiherio spootrum was found by Lookyor and Baxen- 
dall to bo of earlier typo than that of y Cygiii (F8p), and it was 
found by Dunham | that tlio spootrum of a Borsoi, a giant star of 
type F6, boro a remarkable resemblance to that of the chromosphoro, 
both as regards tlio degree of ionization and tho prosenco of tho 
rare earths 

Tho heights to winch tho linos extend may ho measured on pris- 
matic camera plates and also on moving camera plates. To some 
extent tho height estimatod for any Imo depends on the length of tho 
exposure, the sensitivity of tho plate, etc., but relative heights may 
t Oonii tbuiiotM /lom Piincaton Vmv, Oba, 9 (1020). 

L 


auoo.io 



74 THE FLASH SPECTRUM Chop X 

bo obtained from the same plate, The results which have been found 
from time to time are as follows 



DavK/son and 
Slfafion 

Mlfc/iell 

Menzel 


km 

km 

km 

Ca+, H, and K lino a 

0,200 

u»ooo 

10,000 

Hydrogon Hot 

8,400 

12,000 

0,000 (IIJ5) 

Holiiim D3 

7,600 

7,600 j 


Na and Mg 

1,200 

1,600 


Ioni4od Fo, Ti, Ci . 

2,600 

2,600 


l^oiitral Fe, Ti, Or , 


200-400 


Caibon and oyanogon bands 


300-600 



The case of helium is pecuhar, os the line is not particularly strong 
in the lowei ohromosphere, but extends to gieat heights. Thoie is 
no evidence to show that the heights change from one eclipse to 
another. 


XI 

LINE INTENSITY IN THE CHROMOSPHERIC SPECTRUM 

Direct Observations of Intensity in the Spectrum of the 
Chromospliere. The first observer to measure intensity of emission 
lines in eclipse spectra was Scliwarzscliild at the eclipse of 1906, who 
measured the emissions from four piommences m the Balmer series 
from ir^ to II^ and m the Ca i- lines H and K Schwaizschild found 
that the latio of calcium emission to hydiogen emission is not con- 
stant from one piominence to another, but vanes by a factoi of 10 , 
taking as unit of intensity tlie intensity in 1 A at the ■wave-length 
concerned in the spectrum of a black body radiating at 6,000°, the 
latiu of IC to H^ was 0 31, I'O, 1 4, and 3 0 in four piommences 
examined. 1 here is some evidence of a real variation in the Balmer 
docromoiit from one prominence to another Sohwarzschild’s relative 
intoiisitios 111 the units already mentioned give the following mean 
values • 

Hy H8 HI 

1 0-36 0-10 0 06 

Observations of this kind were not lepeated until 1926, when 
Davidson and Stratton measured the Balmer dociement and relative 
intensities inside certain groups of hues known as multiplets within 
winch the rolativo intensities are predicted by theory It is unfortu- 
nate tliat photographic photometry was not introduced into the 
programme of the 1926 eclipse until a late date, so that no time was 
available for the construction of adequate cabbration appaiatus, and 
the results obtained wore only of a provisional oharaoter and depend 
on the assumed value of tho Schwaizschild coefficient p in the law 
oonnooting I the iiilonsity of tho light, D the density of the image on 
tlio jihotographio plate, and t the exposuie time, viz D = f{lP) In 
the discussion of the results of tins expedition, by Davidson, Mm- 
naort, Ornstoin, and Stratton, the intensities are reduced in tripbcate 
with throe values of p. l^urther, as the Sun itself was used to com- 
pare intonsitios in diHorent wave-lengths, it is necessary in reducing 
tho results to assume a colour temperature for the Sun 

Tho measurements of intensity are discussed in four groups . (1) the 
intonsitios ol tho lines in nine multiplets were measured, (2) the 
intonsitios of tho hues in tho Balmer series from to = 16 to m = 28 
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were measured ; (3) a miinber of Ti ^ multiplets were measured at 
different heights — ^in tim flash at a height of 700 km above the limb 
and m a piominence at a height of 14,000 km , and (4) tho continu- 
ous sjiootrum at the head of tlie Balmer series was oxamiuod, both 
in the flash spectrum and in tho spectrum of a prominence 

(1) The relative intensities of the lines in the multiplets agreed 
pietty well with thooiotical expectations The authors note that 
Plaskett's colour temperature of the sun (6,400^^ K,) and a value of 
^3 I'O for Sohwarzsohikrs coefflciont bring about the best agree- 
ment 

(2) It was found that the relative intensities of the Balmer lines 
in a piominenco did not agree with theoretical expectations The 
theory which is here tested implicitly is twofold, firstly, that the 
IS ms tom coeflioionts of the linos are tlioso given by a certain formula, 
and secondly that the assembly of liydiogen atoms is partitioned 
among the various atomic stales as if the assembly was in thermo- 
dynamical equilibrium * at the temperature of the jirominenoo \ Tho 
investigators were unable to reconcile their obsexved intensities with 
any reasonable temperature , this may accordingly bo interpreted as 
showing that the assembly is not partitioned as in thermodynamical^ 
equilibrium , but there was nevei any a pnori reason for supposing 
it to be so 

Suppose that there are Ni atoms per ox in the state whose total 
quantum number is and lot Ai^ bo the Einstein coeffloient for 
spontaneous transitions from state I to state 2 Then tho number of 
transitions from state I to state 2 per o o per sec, is NiAi^. Now if the 
assembly is in thermodynamical equilibrium at a temperature 
Ni is proportional to exp(‘^RhjlVcT)^ where JR is Rydberg’s constant 
and h is Boltzmann’s constant 

According to Schrddinger and Pauh, 

_ (Z-2)«-3"(3?2^4)(5Za^4) 

Then for large values of I, A^^ oc The relation which is tested is 
cx exp(— and this relation is found to bo violated. Eor 
example, in a compaiison between the lines I ^ and ? 28 in a 

prominence at a height 14,000 km,, the ratio is twice that given 

by the theory, with T ^ 6,000® No reasonable value of T will bring 
about an agreement, the temperatures indicated being absurdly low. 
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Tieated in the same way, SchwarzscliilcVs results yield /ar too high 
a temperature for the x>rominence, and they aio supported by other 
evidence, the conclusion to be diawn is that the xirominonce is not 
in tlieimodynamioal equilibrium 

(3) Assuming for the moment that the soveial regions of the upjier 
solar atmosphoio are oliaracterizcd by temperatures, it is possible 
to compare the temperature of a prominence with that of the flash 
without a knowledge of the transition coofflcients. In tliermodynami- 
oal equilibiium at a toiniperaturo T the number of atoms in a state 
whoso excitation potential is x propoifcional to exp(— Com- 
paring the omissions from two xilaces at temperatuies T and 5^', 
wo have , n 


whoio it is sup]iosed that tlioro is no solf-rovorsal of tlio lines. In the 
spectrograms obtained at tho 1920 cclipso there woie ton Ti’’* multi- 
plots avatlablo in tho /lasli at a height of 700 km. and in a piominonce 
at 14,000 kin. On plotting logjZ— log^/' against x was found that 


\T' Tj 27,400 


If wo put T = 6,000“ for tho flash, we get T' = 4,200° for the 
prominonco, but this very roasonablo result should not persuade us 
that tho atoms in tho prominonco aro partitioned as if in thermo- 
dynamical equilibrium, in face of tho other ovidonoo 

(d ) llio woll-known continuous spectrum at tho head of the Balmer 
.sonos shading oil into tlio linos of tliat sorios was observed both in 
tlio flash speotr um and i n tlie spootrum of a prominonco '^fo compare 
tho mtonsity distribution in this continuous spootrum with theory, 
wo might assume (a) that tlio chromosphoro or jiromuionco is scatter- 
ing sunlight according to sonio law, any a A"* law, or (6) that tho 
molooulos in tho oliromosphoro aro omitting radiation corresponding 
to a tomporaturo oharaoloristio of thoir molooular volooities, the two 
moohamsms giving tho same result in thormodyiiainioal oquihbruim 
with a A'* law Choosing assuiniition {b), tho authors find a velocity 
tomporaturo of 4,000° for tho flash spootrum and 3,200° for tho 
prominonco, 

Tho photomotrio observations of thonltra-violot continuous speotra 
of flash prominonco and Corona attempted at tlio 192C eclipse liavo 
not yet boon ropoatod ; although efforts have boon mado to do so, 
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these have been frustrated by cloud, for example at the eclipse of 
1932* On account of the rough methods of photomotiy that were 
used in 1926, the work stands in need of repetition with careful 
photometry When this has been done, however, we should not bo 
surpnsed to find that the tempeiatures found foi a piomiiionco m 
difierent ways do not agiee with one anothei, as it appeals likely that 
there are very wide departures from thermodynamical oquilibriuin 
in the piommences Theory as well as obsoivation stands in need 
of leflnement 

Observations of Intensity m the Flash Spectium in 1927. 
The flash spectrum fiom 4,164 A to 4,768 A was photographed on 
1927 June 29 by Paiinekoek and Minnaert|’ at Gallivaio, Lajiland. 
On this occasion exhaustive preparations were mado, and a ooniploto 
photometno cahbration of the photographic jilatos was carried out 
On one plate a good flash spectrum was seouiod at about the time 
of second contact Five later exposuios show none of the flash spec- 
trum except the hnes Hy and Ho 4,472 A The relative intonsitios 
of the hnes m the flash spectrum were deioi mined from tlio first 
plate, and the remaining plates were used to give tlio dooroaso of 
intensity of Hy and He 4,472 A as the Moon moved aoross the Sun 
and covered up successive portions of the chromosplioro 

The intensities of a number of multiplets in the flash spectrum 
were measured these mtensities do not agiee with theoretical losults 
for a thin layer of gas, and Pannekoek and Minnaert attribute the 
divergence to self-absorption* The legitimacy of using tliis median- 
ism m explanation of anomalous multiplet intensities depends pre- 
sumably on the height in the chromosphere to whioli the moasuies 
refer Our criterion derived on p 86 is that self-absorption is negli- 
gible if the flash Imes are faint compared with the limb spectrum , 
in the reproduction of Pannekoek and Minnaert*s flash spectrum, the 
flash hnes appear to be about as intense as a continuous sjiootrum 
from a Baily bead, so that the flash spectrum may refer to so low a 
level in the chromosphere that self-absorption is appreciable *^Chis 
point is of importance we suppose from the results ol 1920 and 1927 
that the multiplet intensities are normal at a height ol 14,000 km*, 
but are distorted by self-absorption in the true * flash ' 

This pomt has been mvestigated by Menzel in Ids discussion of 
Campbell's spectrograms, which were taken at the oolipsos of 1900, 
t V&rliandehngmd.K Alad WeU Amaiodam.XZ (mH) 
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1906, and 1908 Those speofciograms wore not calibrated for mioro- 
pliotometry, but Monzel has reduced tliem, using the best possible 
estimate of the calibration euive for converting photographic density 
into light intensity Monzel compares observed intensities with 
theoiotical multijilet intensities and attributes diffeiences to self- 
leveisal; ho then finds that self-ievoisal diminishes with decreasing 
intensity of the line or with inoioasmg height above the limb, and 
his estimates of solf-iovorsal agree within reasonable limits with 
those of Pannokook 

The Balmer Decrement in the Prominences in 1927, At this 
oolipso Doom I made two exjiosmes with a prismatic Corona camera 
designed to givo a great light giasp, so that tho relatively faint Corona 
would shoAV on the photogiaphs with short exposures dictated by 
the oiroumstancea of an eclipse Tho diameter of tho solar image in 
any Avavo-loiigtli given by this cameia is less than 3 mm ; the disper- 
sion consists of a liquid x^’ism (containing ethyl omnamate) workmg 
against two glass prisms in such a way tliat the deviation for green 
rays is zoio and the length of the spoctrura from Hoc to is 67 mm 
Exposures woio made (a) from -)-6® to -|-8® alter tho beginning of 
totality, and (6) from -1-11“ to -|-27“ Both spectrograms show faint 
monoohromatio rings at 0,376 A., 6,303 A, and 3,987 A , a well- 
exposed continuous spectrum of tho Corona, and very intense ohrorao- 
sphoric rings duo to tho Balmer seiios ; Ho linos at 4,472 A and 
4,020 A, Sr' hues at 4,210 A and 4,078 A., and the Oa'' lines at 
8,969 A. and 3,934 A. Photoraetrio calibration of the plates was 
performed by imjirmting a set of intensities on sister plates a lamp 
omitting liglvt like a black body at 2,602° was used with a step wedge, 
tho oxxiosuro times of the comxiarison siicotra being 9“, 90®, and 900®. 

Tho prominoncos ])roduced images so black that the calibration 
exposures of 900“ had to bo used lor comxiai'ison. Tho discrepancy 
between tho oxposuro times on prominoiico and laboratory colour 
standard was unfortunate, as there appeared to be a substantial 
difference between tho relative sensitivities of tlio rod-sensitive plate 
(an Ilford panohromatio plate) on which H« was recorded and the 
Lumi^re Opta plate, adjacent to the panohromatio plate, which 
received tho imago ol tho sxieotrum from 4,900 A. to the ultra-violet 
for short and long exposures. This appears in Pannekoek and Doom’s 
discussion of tho work as a dilloronco between tho Scliwarzschild 

t Ibid. 14, 21 (1030). 
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coefficient for the two plates There is also a cextain amount of 
extrapolation of tho calibration data necessary to compare the very 
black piominence images with the calibiation spectra Nevertheless, 
relative intensities of the lines in the Baliner senes Irom Ha to 
(excepting He which coincides ivith CaO wore doterimnod by 
Pannokoek and Hoorn These may bo compared with tho SchrOdingor- 
Pauli formula, assuming the prominences to be in thermodynamical 
equilibrium (Pannekook and Doom call attention explicitly to tho 
illegitimacy of tins assumption) Apparent temperatures of 9,100° 
and 11,000° axe found for two prominences, the determinations 
depending ohiolly on the intensity of Ha relative to tho other lines 
The authois consider that their photometry is so far from being rigid 
that a temperature of 6,000° is not excluded, hut the higher tempera- 
tures are m agreement with other observations 

Observations of the Balmer Decrement without Eclipse. 
The prominences are, of oomse, quite leadily obseived without an 
eclipse, and tho Balmer decrement has been measm-ed from lIjS to 
Hi} at Poulkovo by PerepoUcin, [• using a photographic method, and 
from Ha to at Greenwich by Woolley and Newton^ visually. 
Perepolkin’s results aio in good agreement with those of Sohwarz- 
sohild, and indicate, in the mean, an appaient temperature of 8,000°, 
while the Greenwich visual result inchoates a tempeiature of about 
20,000° A theory of tho Baliner decrement in prominences has been 
put forward by Woolloy,|| who finds that the appaient tomporatuxe 
Ha to Hj3 should be of tho order 10,600°, but that the temperature 
indicated by the hues near the head of the series should be the radia- 
tion temperature of the Sun, or obout 6,000° Tho atoms are dis- 
tributed among the stationary states in a manner which deviates 
markedly from thermodynamical eqmUbrium, and tho tomperatui’e 
of the prominence (however defined) cannot be inferred in a simple 
manner from tho Balmer doorement. 

The Relative Abundance of the Elements and their Distribu- 
tion with Height in the Chromosphere. The relative abundance 
and distribution of the elements m the lower chromosphere has been 
determmed independently by Menzelf f and Mitchell and Miss Wil- 
liams, who used the method developed by H. N. Russell m his 

t PculUm Oba. Oi-raular, 13 (1036). | .1 S. 96, 6 (1036). 

II M N.R,A S, 96, 616 (1036) ft Oba. Puhl 17, Tart I (1081) 

tt P\Al, Leanicr MeOormwi Oba 6, 107 (1033), 
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determination of the relative abundance of the elements in the 
reversiiig layer In general, the strength of a spectral line either in 
emission or absorption depends on the product of the number of 
atoms in the state responsible for the formation of the line and an 
atomic coefficient, one form of the latter being the oscillator strength 
of the line, usually denoted by the symbol f Suppose that the 
spectral line is produced by an atom m the state s having an excita- 
tion potential Xb * if there me N atoms of the element in question 

per c 0 of the atmosphere, there will be NAg per com the state of 
the atom which produces the line , if the atmosphere is in thermo- 
dynamical equilibrium at a temperature T, Ag = {1 !b/{Io^^p(~Xs/^^)> 
where ffg, are the statistical weights of the state s and the ground 
state of the atom, and A is Boltzmann’s constant The absorption 
coefficient of the line is equal to that of the number Ng^ = NAg/ of 
classical oscillators (i.e electrons in the classical eleotiomagnetio 
theory executing simple haimonio motions with the frequency of the 
spectral lino). The values of / are known in a few cases, but are 
usually unknown except that relative values of / are known within 
certain groups of lines known as multiplets. 

Now suppose that there is any physical charaoteristio P which has 
a one to one coirospondonce with the intensity of the line’ this 
characteristic may bo a direct measurement of the intensity, or the 
width of the lino, or a number on Rowland’s scale of intensities, or 
in the case of atoms known to be distributed similarly m the chromo- 
sphere, it might bo the length of the arc in the flash spectrum. There 
will be a relation 

between the characteristic P and the ‘number of atoms forming the 
line’, or strictly speaking the number of classical oscillators equiva- 
lent to the atomic transitions forming the lino. The function P should 
ideally be given from theoretical considerations alono, but the current 
theory can only be applied to photometric material taken fiom 
standardized photographic plates, while some characteristic P may 
be taken from an unstandaidizod plate for which it is necessary to 
derive an empirical relation P = F{Ngf). This empirical relation is 
built up from the observed relation between P and Ngf in as largo a 
number of multiplets as are available’ as only the relative numbers 
Ngf are known, only relative numbers of atoms enter into the oahbra- 

tion, and the number of atoms in the atmosphere might be doubled 
ssos.io 




82 LINE INTENSITY IN CHBOMOSPirERIC SPECTRLHM Chap XI 

(leaving the proportion among different elements and states un- 
altered) without affecting the function F When the calibration has 
been effected by means of the multiplots, the rovoise relation 
JVg/ -P-^(P) la used to determine relative numbers of atoms 
from observed values oi P, in those cases where / is known ^UJio 
correlation between the intensity assigned by Rowland in his esti- 
mate of hne intensity in the normal solar spectrum and the relative 
number of atoms forming the line was determined by Adams, Russell, 
and Miss Moore, and applied to the determination of relative abun- 
dance in the leversmg layer by Russell 
Both Menzel, on the one hand, and Mitchell and Miss Williams, 
on the other, applied RusselPs method to their own indopoudont 
estimates of intensity in the flash speotrum. In Mitohoirs case, 
ninety -nine multiplets involving about five hundred linos were avail- 
able for cahbrating the intensity scale (determining tlie function P), 
This is four- tenths of the number available to Adams, Russell, and 
Miss Moore in cahbrating the Rowland scale, but Mitchell bolioves 
that his scale is somewhat more acouiato and homogeneous than 
Rowland's scale, and residuals indicate that the probable error in 
deriving log Nf from a single hne is about 0*3 The two calibrations 
establish the important result that the relative abundance of elements 
in the lower chromosphere is roughly the same as that in the reversing 
layei, which is significant when one comes to consider the mechanism 
of the support of the chromosphere, 

The results of these two independent investigations are not in 
detailed agreement with one another, the probable difference in them 
estimates of the logarithm of the number of atoms poi* o c. in the 
chromosphere minus the logarithm of the number in the reversing 
layer for any element being 0 6 They agree, however, tliat H and the 
rare earths are at least ten times as abundant in the oliromosjihero 
as m the reversing layer, and that the chromosphere is rioJi in So, 
Ti, and Cr, and deficient in Fe and Co They also agree in finding 
that the chromosphere is markedly deficient in Ca.— a fact wMoh is 
of great importance in deahng with theories of the ohromosphero, 
However, Mitchell and Mass Williams, discussing their own results 
and those of Menzel, comment on the slender material on whioh 
some of the estimates are based, and conclude that 'within the 
limits of error no differences are detectable between the relative 
abundances m the (lower] chromosphere and those in the reversing 
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layer, oxce 2 )t that hydrogen la probably more abundant in the 
chromosphere’ 

The Density Gradient of the Chromosphere At the oohpse 
of 1927 Pannekoek and Minnaertf made a determination of tho law 
according to which the intensity of Hy falls off with increasing height 
above tho limb Six plates wore taken near the moment of second 
contact, tlie moan moment of exposure lying from 3* befoie the 
adopted time of contact to 8-6“ after this adopted time. In each 



plate the intensity of Hy varies along a lino tangential to the Sun’s 
limb on account of irregularities in tlio Moon’s limb . Pannekoek and 
Minnaort chose three points foi investigation, corresponding to a 
peak and two valleys on tho Moon’s limb Tho curves of intensity 
of Hy plotted against timo at these three points differ by a phase 
displacement of tho time arising from the fact that tho mountain on 
the Moon covers up a certain layer of tlie chromosphere before tho 
valley does Phase diitoroncos wore estimated so as to reduce the 
observations to a single curve showing tho intensity of Hy varying 
with the timo after contact (Pig. 18), Tho total intensity of the 
ohromospheie remains constant until the moment of ooniaot, after 
which it decreases according to tho exponential law whore t 
t V arhandchngm d, K AKad Wet* AmstodamtXZ 
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is the time in seconds after contact. Differ ontiating this expression 
gives the rate at which the intensity of the ohromosphero is falling 
off • and reducing this expression to heights in kilometres, Paniiokoek 
and Mmnaort find that the omission from an arc of tlio chromosphere 
of length of aio and of bieadtli dll km at a height 11 km. above 
the limb into unit solid angle is 

2-7XlO2®0xp|— ergs/seo. 

The lino 4,471116 gives altogothor difCeront results, showing that Ho 
IS not nnifornily distributed in the ohroraosphere but is stronger in 
upper levels, in agreement with earlier observations that the helium 

lines are relatively stronger 
in the higher than in tho lower 
ohromosphoro, f and that the 
arcs of helium aie long but 
intrinsically weak f 
Tho distribution of tho olo- 
iiionts with height in the 
chromosphoro w'as derived by 
Mitcbell and Miss Williams in 
an ingenious manner from tho 
lengths of ares of lines in an 
objective prism photograph of 
tho flash spectrum. Kg. 10 re- 
presents the second or third contact of the eclipse. Tho Sun’s disk 
is, of course, smaller than tho Moon’s, and tho flash spectrum is the 
spectrum of solar material extending beyond the Moon’s limb. The 
length of the arc in tho flash spectrum in any wave-length depends 
on the height to which the material reaches ; for example, if the 
material extends uniformly to a height OB above the Sun’s limb, tho 
are of the flash spectrum will bo OA^ etc., but in fact tho material does 
not extend to a definite boundary but fades away (exponentially) 
with increasing height, so that on any given jihotograph the lengths 
of the arcs will depend on the exposure. The termination of the arc 
marks a point whore the intensity is just suffloient to leave an im- 
pression on the photographio plate, and in any range of wave-length 

t Hyflon, Phil, Trans , Series A, 206, 440 (1000). 
i Davidson and Stratton, Msnu Xt AS* 64, 138 (1037). 
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suflioioiilly small to ensure that the charaoteriatics of the plate have 
not ohanged, the intensity emergent fiom the chromosphere is the 
same at the tips of all the arcs 

Mitchell and Mias Williams measured the chords AA', BB' of the 
flash linos. Piom those they computed the heights GH, OK, etc., 
which wo may denote by h In this way they obtain the height h 
above the limb at wliioh each spectral line emergent from the 
ohromosphore legistois a certain threshold intensity 1 Bearing in 
mind the thioe-dimensional character of the phenomenon, one states 


B 



B' 


Eia. 20 



prooisoly that the material in the lino of sight tangent to the height 
GII rogistois this intensity. Consider the plane containing the line 
of sight to tlio point II and the radius from the Sun’s centre to that 
point. Mg. 21 lopresenis this plane; 0 is the Sun’s centre and HX 
the lino of sight. Wo wish to find out how much light will fall on 
an ohjoot-glass normal to PX which subtends a sohd angle Sen to the 
Sun, and wo consider an elementary cylinder along PX. At each 
point along tho oylmder is an element of volume wliioh receives hght 
fiom all directions (hiifi mostly from the photosphere) and scatters 
some of it into tho elementary solid angle Sw along PX. The flow of 
energy through 1 sq om. averaged in all directions at any point P is 
J, of which tho fraction «JSv is absorbed by the element of volume 
8t) and ro-omittod in all direotiona . the omission into Sw along PX 
is <xJ bvBwl Itt. Lot 1 8w/47r be the flow of energy into the elementary 
solid angle Sto along PX at any point P The element of volume Su 
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at P removes from the flow I the amount <xl BvScojiTT and contributes 
the amount oeJ Sv 8 a)/ 4 Tr. The differential equation governing the 
flow 1 18 thorefoie 


where ns the element of length along PX, and IIP — 

Let OH = P+/i ^p, and OP = p-\-x Then = i^<p.^xY~p'^, 
and since the extent of the chromosphere is small compaied with the 
radius of the Sun, we may take xjp to be small compared with unity 
and set x = i^[ 2 p, Fuither, the absorption coeiflciont a contains the 
number of atoms per c o. of the atmosphere at the height x above 
some datum. Let us suppose that n — whore 

A-\-B = 1 . Then a = and 

dl = <xt,(Ae-^'P+Se-i^'^‘){J~I)d^, 


We now suppose that J is constant, and integrate from ^ ~ — oo 
to ^ = + 00, remembering that 1=0 whoie ^ — oo Then if 

I = Ii where f = -f- oo, wo have 



and if IijJ 18 small, /^ = ooJ x constant = UqJ x constant and the 
intensity seen along PX is proportional to the number of atoms 
per 0 0 at if , If I^J is small, that is, if the emergent intensity is faint 
compared with the intensity of the disk, there is no apiireciablo 
leabsorption and we may compare theory with experiment exactly 
as if the eclipse photographs referred to a radial section through the 
chromosphere. This condition is certainly fulfilled by the tips of the 
flosh hnes f 

To return to the work of Mitchell and Miss WiUiams, let n{h) bo 
the number of atoms of a certain kind at a height h above the limb. 
The intensity at the tips of the arcs implies a definite number of 
oscillators nih)f m each case, where the height h is derived from the 
observed extent of the arc Consider a multiplet in which the relative 
values of f are known, say /j, /j,.. , and the corresponding 


t TIig position 18 slightly complicMod by the diftoiont exposure timoa foi difforonb 
lioights m Mitohell’a work, and by tho faihuo of the speoferogmph to resolve cliffoiont 
layora m tho moving plate specbrogiam, but the oxitonon of tho onoot of self lovoisal 
IB unaltered 
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heights aie Ai, /ig,.. , 7i„ Then 

Mh)fi = Hh)f2 = = HK)U 

The funotion n{h) will be the same for all members of the multiplet. 
The multiplet gives us n points on the graph of n{h) against and 
the information may be grouped together for all multij)lots referring 
to (say) Fe atoms in a state of excitation less than one volt, 

Menzel determined the distribution of density with height in the 
chiomosphere from the lengths of the lines on moving-plate spectro- 
grams of the flash The method employed is almost identical in the 
underlying theory but is quite different in detail We will describe 
the method here, foi the purpose of exposition, as if it were a variant 
of Mitohoirs method; in fact, of course, Mcnzel’s work appeared first 
In place of Mitcheirs arcs Menzel measures the heights to which 
lines extend in Ins moving-plate spectium The tips of the hnes 
A, B are heights above the Sun’s limb at whicli the intensity is ]ust 
sufficient to leave an impression on the photographic ])late under the 
conditions of exposure, and therefore give directly the heights k at 
which each speotial lino registers a certain threshold intensity I 
— exactly as m the othoi method. As before, the intensity at the 
tip of each arc implies a definite number of oscillators n(h)f The 
graph of n(h) against h could bo obtained from the multiplets as was 
done by Mitoholl, but Menzel proferied to make use of Ins scale of 
intensities which had alieady been calibrated on the multiplets for 
the work on abundance. All the mateiial is thrown together wthout 
attempting to distinguish between different typos of lines (i e. be- 
tween atoms in different states of ionization and excitation) Menzel 
also reduced his lesults by an alternative method, making use of 
line intensities measured with a miorophotometor, which gave n{h)f 
directly, although the original plates had not been calibrated for 
photometry the results are in good agreement with those derived 
from the multiplot intensities. Both reductions are in good agree- 
ment with the results of Mitchell and Miss Williams. 

The results are as follows : 


Nwnber of atoms at a height H in kilometres 


Monzol, all atoms 
From multiplofc intonaifcioa 

Fiom microphotomotor intonsitios 


oxp| 

f-— ] 

i 4060J 

\ -j-SOoxpj 

f-— ) 

1 1560/ 

oxp| 

Lill 

1 3680^ 

1 -fCOoxpl 

LJIJ) 
[ 1060/ 
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Ti II , 

Fo I of E P 1 volfc 
Paimokook and IMmnaerfc 

H . , , 


2000) 


The reanlt found by Pannolcook and Minnaerfc is added for complete- 
ness. 


THE EQUILIBRIUM OE THE CHROMOSPHERE 

The Theory of Selective Radiation Pressure* It can easily be 
shown that the chromosphere is not in hydrostatic equilibrium under 
solar gravity alone Consider an atmosphere consisting of singly 
ionized atoms of atomic mass M and electrons under no forces except 
solar gravity let P be the total piessure, p the density, g the accelera- 
tion due to solar gravity, and (c the height above some surface The 
condition of hydrostatic equilibrium is 

dP = —{/pda, (1) 

In an isothermal atmospheio consisting of ions of mass M and elec- 
trons of negligible mass, we have 

P = p UTjM (2) 

Inlegiatmg equation (1) we got 

p = Pooxp\^--^,j> (3) 

where p^ is the density at the height » = 0 Taking the ease of an 
average atomic weight such as that of calcium, we set ilf = 40, and 
if we set T — 6,000° and reckon a: m kilometres, we get 
p = /)oexp(— O'lla:), 

so that the densrty decreases by a factor or about 10^ in 100 km., 
whroh IS altogether at variance rvith the results found by Menzel and 
by Mitchell and Mrss Williams It is clear, then, that the ohrorao- 
sphoie receives support in some way. The first suggestion as to the 
nature of this support was put forward by IMilne, I" who suggested 
radiation pressure as a supporting agent In partiouloi’, ionized 
calcium is subject to selective radiation pressure on account of the 
fact that its principal lines occur at 3,034 A and 3,968 A , which is 
not too far removed from tho wave-length of maximum solar radia- 
tion, and it can be shown at once that m this case the upward support 
due to selective radiation, pressure is comparable with solar gravity 
Although selective radiation pressure cannot be invoked as the cause 
of support of the chiomosphere generally, since it is much smaller 
for all other elements, and although it is observed that Ca^ does not 
extend higher into the chromosphere than other elements, the theory 
t M,N,R.AS 85, 111 (1024) 

N 


8606 10 
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of the support of the calcium chromosphere by seleotive radiation 
pressure is one of great interest 

To simphfy the problem, let us suppose that there is only one lino 
111 the spectrum of Ca^ (the lines H and K considered as a single 
hue) Let the energy density of the outward flux in the centre ol 
the Fiaunhofer line be F The atom will absorb from the flux F an 
amount of energy /(‘Tre^/w)^' ergs per sec , and the upward momentum 
absorbed by the atom pei second is f{iTe^jmc)F The faotoi / is the 
oscillator strength of the line, e and m are the charge and mass of the 
electron, and c is the velocity of light 

Now the flux F is the energy density of outward flowing solar 
radiation at the wave-length of the line multiplied by a certain 
ratio r, called the central intensity of the line, which is the ratio of 
the flux 111 the centre of the iTraunhofor line to the flux at wave- 
lengths just outside the Ime. Let us suppose that the Sun is radiating 
hke a black body at some temperature T The energy density of the 
outward flux is then one-half of the energy density of full radiation 
as given by Planck’s law, and we have 


J 


Stt/iv® 1 


(‘i) 


Here Ji is Planck’s constant and v is the frequency of the centre of 
the Praunhofer hne It is convenient to have a symbol, /a, for the 
ratio of the upward foice due to selective radiation prossuro to the 
downward force duo to solar gravity Then 






7Te^ 

me ' 


( 6 ) 


The principal hnes of Ca+ are m fact two, at 3,068 A. (/ = J) and 
3,934 A (/ = I). If we suppose that the central intensities of these 
two hnes m the oliromospheric absorption spectrum are equal, wo 
can treat them as one hne at 3,961 A. for which/ = 1. If we assume 
T = 6,000°, we find from (6) that /* = 1 if r — 0*02 
It is a difiioult matter accurately to measure the central intensities 
of the narrow chromospheric hues fi, and Aj, but the central intensi- 
ties are probably less than 0 10, and the observational evidence 
suggests that ^ is of order 1, i.e. that there is an approximate balance 
between radiation pressure and gravity on aOa+ atom. Let us suppose 
at first that ^ < 1 We shall have in place of (3) a new equation 


p = poexp 


UT y 


(fl) 


Chap. XII SBLEOTIVE B-ADIATION PRESSURE 91 

whonco it follows tha-t selective radiation piessure forces the selected 
olomont tro stand out to a greater height than that attained by an 
atmosphoio in which there is no selective radiation pressuie. Tins 
18 most easily seen in the case where there is a sohd boundary at 
a) = 0, such as a planetary surface, but theie is of course no such 
simple lower boundary to the solai atmosphere But we can make 
uao of the physical conditions wliich prevail m the leversing layer to 
form a lower boundai’y for the chromosphere In the reversmg layer 
all elemonls aio piesent m abundance and the support given by 
Bolootiv© radiation pressme is small compared with gravity Neutral 
Oa and olootrona aie present which will control n, the partial pressure 
of Oa *■ "We idealize tlio reversing layer in our mathematical deaciip- 
tion of tlio solar atinosphoie by describing the reversing layer as a 
Hvufaco at which the Ca ' partial pressure 11 takes some determmed 
value Ho, and we choose this surface as oui orighi of coordinates 
a! = 0. Tlieii from (6) 

n - (7) 

Wo have lo make a similar simplification of the radiation problem 
If thoi e aro N atoms of a particular kind above some surface ^ 0, 

the central intensity of tho principal absorption lines i occurring in 
oquatioiiB (4) and (6) will bo given by some equation of type 

r = FiNs,), (8) 

whore is the atomic scattering coefficient foi the frequency v 
oorrosponcling to the (centre of the) absorption line To illustrate 
this oxjilicitly wo refer to Sdiustei’s model of the atmosphere in 
which a definite number of absorbing atoms are placed m front of 
a mdiating surface. (In tho actual solar atmosphere radiating layers 
and absorbing layers aro not distinct in this simple way,) Let g he 
tho height above the radiating surface, or photosphere, N the nuniber 
of Ca ' atoms in a column of unit cross-section above the surface 

^=0. Then . „ _ J__ (8a) 

Lot iY„ bo tho number of Ca-i atoms per sq cm of the reversmg layer, 
i.e. tho iwmber of Oai atoms iii a column of umt cross-section 
between the surfaces ^ == 0 and a’ = 0 Then 

r n 


( 9 ) 
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In addition, we have (6) or 

_ i ^ 

^ “•'mo 2 Mg* 


( 10 ) 


so that the quantities [i, r, and N oan bo detoiinined if we suppose 
Ho and Nq known notice that the value of i is prcdioled from theory. 
It should, of course, be possible to piedict on a purely theoietical 
basis just how much a chioinosphei’e should stand out from an ordi- 
nary atmosphere but there are difficulties There aio some obvious 
weaknesses in this ideahzed tioatment, and the adoption of surfaces 
for boundary conditions may be called into question. Similar methods 
have not met with complete success when applied to the central 
intensities of the Fraunhofer lines, and it may be supposed that the 
phenomenon of fluorescence, which appeals to have an important 
beanng on central uitensities, should not bo ignored, as wo have done 
m our adoption of equation (8) But while a more elaborate theory 
would modify the boundary conditions, while a more exact theory of 
the formation of hnes would transform equation (8 a), our simplified 
treatment illustrates in prmciple the support of a chromosphere by 
radiation pressure. At the present time it is useless to pursue the 
matter further by inserting numerical values and solvuig the equa- 
tions, because it is impossible to assign a value to iVJ,, and because we 
are without a satisfactory formula for the connexion between r and 
N to replace equation (8). 

The bearing of the observational evidence (Chapter XI) on the 
theory of the support of the chromosphere is discussed very fully by 
Mitchell and Miss Wilhams t If the density distribution of the chromo- 
sphere is proportional to exp{ — (1 — fi)Mgxj2kT'^, then on account of 
the morease of lomzation with height the distribution of neutral 
atoms 18 approximately proportional to 


__f {l-iAMgx) f (l-fx)M(ix] 

+ ( 11 ) 

the value of G depending on the electron pressure at a; = 0. This 
equation does not fit Mitchell and Miss Williams’s observed data 
perfectly In the chromosphere at a height between 1,600 km and 
2,400 km above the hmb hnes from both Fe and Ti+ give results 
which are fairly close to Pannekoek and Minnaert’s observed gradient 
for Hy, namely, N oc6xp(-J?/617), where H is the height in km. 


^ Ap J 77, 209 (1933) 
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Mitchell andMiss Williams’s figuie for ]?e, N oc exp(-“H/500) 
or N oz oxp(— 2ajx 10“^®), wo get either 


2LT " 


or 


hT 


aoooi'ding to wlncli term of tlio equation (11) is supposed predominant 
Wc must havo oilhoi (1— g) = 0 01 or (1— /a) = 0’006, and in either 
(•aso tho supiioi't given by selective radiation pressuie to Pe is 
alisurdly high Again, the ultimate lines of Fe+ he in a region of the 
flpootvuin whoro the intensity of the spectrum is only one-tliird 
of that which contains the ultimale lines of Ti+, yet the observed 
donaity gradients are the same within the limits of erior, finally, 
tho density gradient of H above 1,000 Itm is only shglitly smaller 
iluui that of other elements, wheieas the value of appropriate 
to llio principal lines of hydrogen (the Lyman senes) is about 
ono-inill loath ])ai’t of the value appropiiate to the H and K lines 
ol da'. 

Tlic Special Case of Complete Support. Before leaving the 
theory of hydrostatic eqiuhbiium with support by selective radiation 
prOHSUi’o, wo go on to outline some work of great inteiest by Milne 
J n tho HXiooial case /a = 1 tho radiation pressure exactly balances 
gravitation and the solution (7) is not apphcable To obtain a solution 
wo have to go more fully into tho physics of the problem, and the 
condition itself, adjusted to fit a more refined theory, becomes the 
condition that = 1 at the upper boundary When the Ca+ atom 
absorbs a quantum ol resonance radiation, the valence electron 
moves from tho ground state 8 to the state P, in which it cannot 
absorb another quantum of the resonance radiation Atoms whose 
oloctrons are raised into tho P state aie transparent to the resonance 
radiation, and got no suppoit fiom it Ifow the number of atoms 
whoso olootioiis are in tho P slate is proportional to the density of 
tho radiation field, whioli inoioases as ive go below the sm-face 
(although tho not outward flux lomains constant) Accordingly, if 
a I at tho uxipor suiface, g < 1 below the surface, and the atoms 
aro Bupporlod by tho gradient of a small gas pressure, which dies 

away to novo at tho upper surface 

Lot J(0) bo tho flow of radiation pot sq cm per sec m a direction 
making an angle 0 with the outward normal to the Sun’s surface 

Lot Jibe the average value of J{^) for outward directions, 0 < 9 ^ 4^, 
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Ja the average for inward directions, < d < tt, and lot doi bo the 
element of solid angle. J’ is as before the not outward flux Then 

•'i-J -*'=/■'(«)»<»> 9 s 

0 0 
We now introduce the conception of optical depth (due to Milne) 
If theie aie n atoms of Oa*' in the ground state per c c of the atmo- 
sphere at a height a, then the optical depth t is defined by 


CO 



The (approximate) equations governing the transfer of ladiation 
through the atmosphere aref 
F — const 
== 4I?'(1-(-|t) 

/a = 3 Ft 

J = |(J,+/,) = 2J?-(H-|t) 

Let Wa be the nimibers of Oa ^ atoms per o o in tlio giound state 
S and the excited state P respectively, and let ^ai t)© the 

Einstein tiansition coeiRcionts J Then the number of upward tiansi- 
tions per second is equal to the number of spontaneous downward 
transitions plus the number of stimulated downward transitions 
per second, or == 



Hence 


% _ ^ %2 j- 

% ^21 


(13) 


The spontaneous emission is sent out equally in all directions 
and gives no momentum to the atom, but the stimulated omission 
Tigagi/ is in the direction of the stimulating radiation, and has 
accordingly an outward flux a^x P contributing a downward momen- 
tum to the atom This reduces the net outwaid momentum on an 


atom m the ground state, and the ratio /a is reduced from /Xq (given 


Ly (10)) to 




The effective value of /x for an assembly of atoms is stUl further 
reduced m the ratio %/(%+n 2 ) by the fact that radiation pressure 


f Ecldlngton, Internal Oonahtuhon of the StatSf pp 322, 366 
I As dofined by Eddmgton, ibid , p 47 i 
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is not exerted on the atoms m the upper state. Wo have, accordingly, 
for the effective ratio of radiation force to gravity 


%%S5 % + 

Now ~ where aie the statistical weights of the giound 

^la ?2 

state 8 and excited state P (equal to 2 and G in the case of Oa+) 
Ileiico if n^jn^ is smalh 



At this stage we want to modify the condition — 1 by taldng 
account of spontaneous emission and elevation into the P state, the 
adopted boundary condition being that jit == 1 at the top of the 
ohromosiiheio. Let /iq = (l-ho*) Thou 


^ = (l+,)(l-(|+l)^), (14) 


the constant a being dotorminod by tho boundary condition that 
ft = 1 at T — 0. At tho boundary wo have 


_ SttAv® 


1_ 
eJivlhT. 




and 


2:? — 1,. V & 


wo find that ft, — I gives 


O' 



rh _ 


( 16 ) 


Now njiii is proportional to J (by (13)) and thoroforo to (1 H-|t) ; 
inserting tho voluo qijq^ = J in (14) and neglecting small terms, 
wo get, after some reduction, 

l-§To. 


Tlien dn = —gpdx(l—ix) — ^gprcrdxt 


and since dr — —pa^dx, 


dr 2 s,,* 


11:= 


T ' — ’ T' 

4 B 


Integrating, 
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Since n = 0 at T = 0 In an isothermal atmosplioro n = pkT/M, so 


that 

3 Mger 2 


/’“4 m/ • 

Now 

3 Ifjjfo- 

dr — ps,(fx — • ^ 1 ^ 


4 kl' 1 

Hence 

3 Mger (a-|-^o) ’ 


(16) 


*3 being a constant of integration We arrive finally at a i elation 
between p and a, which is what we are looking for It isf 


4 hT 1 
^ ~ 3 Mgers, 


(17) 


This gives the distribution of density p with height x above an arbi- 
trary level of the chromosphere 

Eddingtonf amves at the value of Xq in the following way. We 
have by (12) — 4J’(1-}-|t) Now let II be the efflux of solar 

radiation at wave-lengths just outside the Fraiinhofei* line* then 
outside the hne = iH Eddington points out that the energy 
intensity mside the hne cannot have values gioater than the neigh- 
bouring continuous spectrum, or 


F(1+|t) ::}> H 

for all T Now F = rH, so that the intensity of ladiation inside 
the Ime becomes equal to that of the neighbouring spectrum at an 
optical depth tq such that 

»-(1+|to) = 1, 


or 


4 1-r 
~ 3 r ■ 


Accordingly tq is an upper limit to the optical thickness of tho 
chromosphere If we take the depth tq as the optical depth of tho 
base of the chromosphere and measure x from this base, i e. put 
a: — 0 at T = tq, we have from (16) 

, _ kT r 
Mga 1 — r 

But j IS given by (16). We have accordingly 

1 leT 

t Milne, M S 6S, 126, 1924 


I Op oit. 880. 
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Negleotmgrin(l“f),talang = 20, solar gravity 2*74 x lO^cm./seo ^ 
and T ^ 6,000"^, we get — 1,900 km. The density of the chromo- 
sphere is accordingly proportional to 

(a;+l,900)-2, 

where x is the height in. kilomotres Thus at a height 1,900 km the 
density has fallen to one-qxiarter of its value at the base, etc It 
must be remarked that it is impossible to regonoile this density 
distiibution with the observed density distiibution 
Chandrasekharas Theory of the Dynamics of the Chromo- 
sphere . A valiant of Milners theory of selective radiation piessuro as 
the mechanism of support of the ohromospheie is duo to Chandra- 
sokhai f This writer takes as fundamental the observed fact that tlie 
solar surface appears gianulated The flux of radiation is accordingly 
non-uniform, and in Chandrasekhar’s view a hydiodynamical and 
not a hydrostatic equilibrium is to be looked for The mathematical 
theory, restricted for simplicity to two dimensions, proceeds as follows 
It IS assumed that /x = l+rsin(27Taj/A), wheie x is a coordinate along 
the Sun’s surface and A is a wave-length fundamental to the atmo- 
sphere N otice that the average value of ^ is unity, so that gravitation 
IS on tho average exactly balanced by selective radiation pressure 
Having made tins assumption, it is possible to calculate the trajectory 
of an atom projected with a given, velocity at any point in the atmo- 
spliere The boundary of tho ohromosphoro is tho envelope of the 
atomic trajectories. 

Writing 27 raj/A == ^nzjX ^ S (whore z is measured along the 
vortical), Chandrasekhar finds tho following equation for the trajec- 
tory of a particle 

whore a, j3 aie constants and is the point at winch the trajectory 
intersects tho ^-axis, The function is given by 

K in - f 

j (^24.^2).+! » 

0 

the functions being related to Hankel functions with imaginary 
arguments, thus 

^ MNM AS 94, 13 (1033). 
o 


/ 




3505.10 
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According to the ciroumstances of projection, the trajectories are 
periodic in in winch case the particle is identified with the normal 
chromosphere, or aperiodic, m which case the particles are considered 
by Chandrasekhar as being emitted, as in eruptions, The law of 
density distribution in Chandrasekhar’s cbroinosphore is 

CO 

i 

which approximates closely for values of I greater than 1 to the law 

p = /3oexp(— 0-87J) 

The mean horizontal velocity of the atoms is given by 

?_ 3 0xy(r5AJ 

There are accordingly two disposable constants in tho theory, A and 
r, thongh these must he chosen to fit the appearance of calcium 
speotroheliograms Chandrasekhar adopts A = 20,000 km and r = ^ 
He finds that the limiting vertical velocity of an atom expelled in an 
eruption is // A\ 

to, - y (^(7 2 ) 

This IS in good agieement with an observation of H W. Newton, 
who found that the most frequent inward and outward velocity of 
dark Ha floconh associated with sun-spots is between 20 and 40 
km./seo further, with this value of A the density distribution agrees 
tolerably well with the observations of Mitchell and Miss Wilhams. 

Despite these successes, Chandrasekhar’s theory is only of theo- 
retical mterest because it does no more than Milne’s onginal theory 
in the way of accounting for the support of the chromosphere that 
is to say, if the physical conditions are such that p. = 1 approximately, 
Milne’s hydrostatic equilibrium is possible and so is Chandrasekhar’s 
hydrodynamioal equilibrium We have already said that the condi- 
tion p = 1 can only be true for Ca+, yet the other elements behave 
m the satne way as Ca+. There is also a certain difiioulty m selecting 
a definite wave-length A Recently H H Plaskettj- measured the 
ratio of the intensity of solar granules to the intergranular space, 
finding a maximum value of I-IO, which means that ns not greater 
than 0'06 To preserve the velocity = 30 km /sec. we must have 
A ” 130,000 km givmg p = — H/33,600) which does not agree 

t iw Af R,A 8 96, 432 <1036). 
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With obseived density gradients (pp 87-8), which are xoughly 
exp(— ///1,700) for the lower chiomosphere and exp (— 5^/4,000) for 
the mipei ohiomospheie There is also a difficulty connected witli 
the moan horizontal velocity of which Chandrasekhar himself is 
aware even with A = 20,000 km , 66 km /sec , as compared 

with 18 km /sec, inferred by Unsold from hne-contour observa- 
tions. 

Transfei of Momentum from Ca+ to other Elements; Vis- 
cosity. Wo have noticed the experimental results quoted by IMitohelX 
and Miss Williams which show that the chromosphere appears to be 
well niKed, so that if selective radiation piessure exercised on certain, 
olomonts supxiorts the ohromospliere theie must be some means 
whereby the momentum is tiansferred from one kind of atom to 
another, o g from Ca+ to H The only meohamsm winch suggests 
itself is viscosity. Of course, viscosity can play no part m a static 
atmosphere, but if wo accept the fact (which is of course obvious from 
a nuinbor of typos of solai obseivation) that the gases in the Sun s 
atmosphoi'o are in motion, thou they may drag each othei about 
through viscosity The only calculations appear to be those of 
MoCroa.l who dncls that the viscosity is of such an order of magnitude 
that tho solar gases should drag each othei about We can accord- 
ingly imagine a quasi-oqmlibrium of the chromosphere m which Ca^ 
is upthrust by a local excess of ladiation pressure and diags other 
elements upwards with it These other elements would be prevented 
from falling rapidly elsewhere by their viscous diag on Ga+ which, 
would receive upwaid support from radiation pressure Again by 
appealing to viscosity wo can modify Chandrasekhar’s theory, winch 
applies strictly speaking to an atmosphere consisting of Ca+ alone, to a 
general atmosphere. This modification has never been made m detail . 
It may, however, easily be demonstrated that the total upward 
momentum available from selective radiation pressure is msufficient 
to support the mixture of atoms actuaUy found in the cliromosphere 
13 solar gravity-in other words. ^ < 1 for the atm'osphere as 

a whole, Jt seems right, therefoie, to say that 
tion pressure may ho responsible for particular outbursts of solar gases 
it cannot bo responsible for the support of the chromosphere, and w 
turn to alternative theories of ohromosplierio support 

M tho authors by Prof McGrea m a letter, 

{ Tina fttot was polntod out to tho authors oy 



100 THE EQUILIBRIUM OR THE CHROMOSPHERE Chap XII 


Turbulence. The theory of turbulence aa applied to the chiorao- 
sphere is due to McCiea f Tins theory was developed in order to 
account for the presence of hydiogen, and other elements to ivliioh 
selective radiation pressure gives no support, in the chromosphere. 
It IS obvious from apeotroheliograms and fiom spectrohelioscope 
observations that there is a great deal of motion on the solar surface 
It is easy to see, fiom a physical point of view, that the dynamical 
pressure of a gas is as much influenced by the mdopcndent motions 
of atoms with puie temperature velocities os by motions of the atoms 
in groups or clusters, the dimensions of the groups being small 
compared with the dimensions of the whole cluomosphore MoCiea 
supposes that the gas can he divided into volume elements of finite 
extent A such that the atomic motion in each group is temperature 
motion (the temperatiue ooriesponding to the ionization and excita- 
tion exhibited bydhe olnomospheie), but the elements A themselves 
have a MaxWelUan distribution in velocity corresponding to a tem- 
perature T cbaracteiized by a mean velocity 0 Some complications 
arise when the material is not homogeneous, but in the case of an 
atmosphere oonsisting of nothing but neutral hydrogen 

/sT = kT+^MG^, 

where M is the mass of the hydrogen atom The piessuro p is 

p^nkT, 

where n is the number of hydi'ogeii atoms per o o 
MoOiea quotes data obtained by Unsold { This observer measured 
the contours of the S and K bnes of Ca+ in emission in the oliromo- 
sphere and the corresponding absorption lines Hq and JTg, and 
deduced that the contours can only be explained by a Doppler effeot 
corresponding to a mean velocity 0 of 18*4 km, /sec This is about 
ten times the temperature velocity, and Unsold attributes it to 
turbulence MoCrea accordingly puts 0 = 18*4 km, /sec This gives 
T = 18,630® Now if H represents a height in kilometres, we have, 
with T ^ 6,000®, 



\ MNRASi 89, 718 {im) ^ J 69, 207 (1029), 
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80 tliafc tho supposition that T = 18,000° agiees closely with Panne- 
koolc and Miiiimeit’s observations of the density gradient of Hy and 
•with Mitoholl and Miss Williams’s values for Pe and Ti ^ at a height 
of 2,000 km 

Chandiasokhar has oiiticized McCiea’s theory on the ground that 
tho tuibnlonco paiaineter T = 18,630° is introduced ad hoc to account 
for llio observed density distiibution in the cluomosphere, but in 
fact McCrea took it os a datum of observation from UnsOld’s measure- 
111011 ts But ovoii if T = 18,630° had no basis whatever except the 


observed density distiibution of the chromosphere, the adoption of 
this parameter is no more unwholesome than the acceptance of 
tho parameter /a — 1 lor all elements Finally, m defence of the 
tuibuloiico theory, it is necessary to lebuft the suggestion that there 
is a diflioulty oomicotcd with the Maxwelhan distribution of the 
volooitios of tho elements A According to Milne (quoted by Ohandra- 
Hokliar), the Maxwelhan distribution imphes exchange of momenta 
boLwoon tho groups, hut the groups cannot exchange momenta 
without the individual atoms taking part in the colhsion process 
But MoOroa’s theory does not demand any exchange of momentum 
botwcoii the groups to create theMaxweUiandistribution of velocities 


if the name is changed to a Gaussian distribution, its appearance as 
tho result of haphazard forces helow the solar surface becomes 
intolligihlo. MoCroa is aware of the fact that turbulence must be 
maintaiuod against dissipative forces it is suggested that the energy 
comes from tho break-up of laminar flow below the solar surface 
Support by Momentum derived from Coronal Streamers. 
Yot another manner in which the chromosphere may he suppoited 
has been dosoribod by Rossoland t Norwegian physicists have con- 
stantly under thoir notice the phonomeiion of the aurora hoiealis, 
and it is supposed that it is excited by electric particles issuing from 
the Sun. It is known, for example, that the frequency and magmtude 
of auroral displays goes with the sun-spot cycle Fiuther, the plume 
and tufted nature of the Corona suggests that the coional stremers 
are ooinposod of olootrons ejected from tho Sun, 
bout by tlie solar magnetic field Bosseland supposed that there is 

a continuous ejection of high-speed 

partioloa. TJieir expulsion will leave the sun positively oh^ged and 
this will produce an outwaid diift of positive ions moving under 


f Puhl Univ Ohs Oslo, 5 (1933) 



102 THE EQUILIBRIUM OE THE OIIROMO SPHERE Chap XII 

the repulsive eleofcno foice This cliiffc carries the ohromosphorio 
atoms to the observed heights This theory of the meolianism of 
the siijDporfc of tlie chromosphere merits tho careful attontion of 
investigators 

We may sum up this disoussion by saying that the mechanics of 
tho support of tho chromosxihero are not yot fully understood. It is 
useless to attempt at the present moment to deoido between one 
theory and another of the nature of its support* but while admitting 
that a further five years’ lesoaroh may well causo tho soientifio world 
to leviso its views on this question, the auUxois incline to tho viexv 
that turbulence represents the most satisfactory solution of the 
problem of tho support of the chromosphere, It must bo said that 
Chandrasekhar’s theory repieaents the ooiiect solution of the parti- 
cular assumptions on which it is based The question is, whether 
^ := 1 and any value of A really correspond to conditions on the Sun. 
Tho fundamental distinction between Chandrasekhai*’fl theory and 
McCroa’s is this value of jx, and there is a degree of similarity between 
a set of gas-pressure forces distributed in a Gaussian manner and a 
sot of radiation-pressuio forces distributed as granulations over tho 
surface. An examination of spectroheliograms suggests that a ran- 
dom distribution of radiation-piessure forces is preferable to a sine 
distribution. 



XIII 

PirOTOGllAPIiy OP THE CORONA THE SOLAR CYCLE 

PiioTOGKArity of tlio Coiona is usually included in the programme 
of oxpoclitions for observation of total eclipses These are not mere 
luoinoiitoes of tUo oooasion, but have a definite scientific value, show- 
ing tlio oxioni of the sti earners and their relationship to the promin- 
oucoH, and. also the form of the Coiona at diffeient states of the solar 
isytilo. Pliologiaplis on a largo scale giving a diameter of the Moon’s 
disk of d, 0, or 6 inches with short exposuies show how the inner 
CoroiiU' IB lolatod to the prominences which happen to be on the 
(Sun’s limb on the day of the ccbpse. Longer exposures near mid- 
tolality hIiow tho forms of tho stieainers to distances of about 30^ 

I roll! tho limb and give the features of the Corona in detail To obtain 
the oixtoiit oi the Corona, smaller lenses of short focal latio aie 
oniploycd which may show stroameis extending over several degrees. 

Owing to tho gloat falling off in the intensity of the Coiona from 
tho limb, it 18 impossible to obtain all tho details on a single pholo- 
gra])li. J>mvings have frequently been made to combine the results 
of photographs taken with dittoient exposures These necessarily 
saorifiLco tho relative intensity of tho coronal light near and far from 
tho limb, but give a useful lopresentation of the whole Corona with 
tho jiroininoncos on the Sun’s limb. The caieful drawings by W H 
Wosloy [■ of tho Coronas at the ooHpses of 1871, 1882, 1886, 1898, 
1900, 1001, 1006, 1008 may be cited as examples The paintings of 
tho oolipHOs Been in tho United States in 1918, 1923, and 1926 by 
Mr Howard Russell JhitlerJ, which hang in the American Museum 
of Natural Tfislory, not only give the beauty of the scene, but are a 
faitliful loprosontation of the foims and oolonr of tho Coiona and 
proininoucos 

Coronal Arches. Among tho features which aie better shown in 
tho drawings than in photographic reproductions of the origmal 
negatives aro tho arokos seen over prominences, first drawn attention 
to by Sohaoborlo in tho oolipse of 1893 They are beautifully shown 
in tho Liiok Observatory photograph of the eclipse of 1918 It ds 
hardly nooossary to make an exhaustive hst of these arohes, and 

t Jl/WH. ff A,s. 41 ! P!nl, Tiana , Seno8 A, 180 , 110, 226, 363 
i Naittml riistori/, July, August 1026, Am. Mus of Not Hist., New York 



104 PHOTOGRAPHY OP THE CORONA SOLAR CYCLE Chap, XIII 

•W6 need only refei to Wesley’s di'awmgs in Phil. Trans 226, the 
drawings of the Corona of 1026 by Slooum,’] and of the Corona of 
1926 from the Swarthmoro College Expedition by Miss Williams, | 
and by Horn D’Artuio|| at the same eclipse. A series of thiee oi four 
arches over a prominence is not mhequent, the outer one rising to 
6' or 6' above the Sun’s limb. 

At the echpseof 1923 Miller and Marriottf [•found a disturbed logion 
near the place wheie spots had been photogiaphed on the previous 
day. Arohes were found here, and by compaiison with photographs 
taken at another station 24 minutes previously they were found to bo 
moving outwards with a velocity of 7 km /see With a greater interval 
of 160 minutes between his own photogiaphs and those taken by 
Stratton andPavidson, Horn D’Arturo finds velocities of 1-7 km /sec. 
in height of the arohes and 0*7 km /sec in their width. 

These arches and their movements naturally suggest that the 
condensations and raiefaotions in the Corona result from some explo- 
sive action causing the prominences 

Changes in Corona. Oooasionally a sun-spot occurs near a limb 
at the time ot an oohpse Heie again a distuibance is found in the 
Corona, Perrine drew attention to one m the eclipse of 1901 A real 
change appears to have taken place in the hour-and-a-half interval 
between the eclipse at Mauritius and that at Sumatra. Comparison 
of Maunder’s photograph with Dyson’s in Wesley’s drawings shows 
a prominenoe in the former not seen m the latter, but replaced by 
a patch which is undoubtedly coronal, slightly to the north of the 
prominence 

These aie evidences of continuous change and movement in the 
inner Corona ui the neighbourhood of both prommences and spots 
The longer streamers are frequently to be found in connexion with 
prommences Instances may he found in Wesley’s drawing of the 
1898 Corona, in Slocum’s drawing of the 1926 Corona, and in Miss 
Withams’s dra'wmg of the Corona of 1926 

On the other hand, long streamers are frequently found when there 
IS no prominence shown on the hmb Hansky, who examined the 
prominences on a few days prior and subsequent to the date of the 
eclipse m 1886, concluded that every coronal ray had a prominence 
connected with it, though these were not on the hmb on the day of 

^ Ap J 64, 146 (1026) J X/SP 40, 91, plate 8. 

II Pi4bl of Obs, of Bologna, vol. 1, no 8, p 211 |f Ap. J 61, 78 (1926) 
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CORONA, 1808 INTERMEDIATE PHASE 
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COBONA, 1027 MAXIMUM PHASE 
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iho oolipso Alihougli we aie unaware of any extensive verification 
of llaiislcy^s view, it seems probable that streamers frequently sur- 
round proininonces, and thus the form of the Corona will change in 
the course of a few weeks oi months 

It was pointed out by Kanyaid in 1881 that at sun-spot minimum 
tlioiu was an extension of the Corona in the equatorial dnection In 
1887 Ilanskyl collected and published a senes of diwvings of the 
Corona arranged according to their phase m the solar cycle 

Later eclipses have amply confirmed Hanslcy’s classification of the 
foims of tlie Corona into three types, Equatorial, Polar, and Inter- 
mediator 

(1) liqualonaU The streameis aie entiiely in the equatorial direc- 
tion Short plumes aio seen over an arc of neaily 60” at the 
north and south poles, E W Barnaid^s photogiapli of the 
oolipso of 1000 May 28 is a lepresentative of this class 

(2) Polar ^Jlie stroamois extend in all directions, and the polar 
plumes aio absent The photograph of the echpse of 1927 
Juno 21) hy the Ilambmg Obsoivatory is lepresentative of this 
lypo, It 18 supplemented by Jaokson*s photograi)h at the same 
Golipso showing the inner Coiona and proinmences 

(3) Inlc.) )iiiQ>d%ale. The eclipse of 1808 January 22 is typical of this 
class. The streamers aio not confined to the Equator but do 
not roach the polos, Polar plumes aie not so prominent and 
aio some times only seen at one pole 

W, J. LookyerJ in throe papers has classified the forms of the 
Corona from 1867 to 1032 in those thiee groups With these li© has 
given in graphical form data of the Sun^s mean spotted area, the 
froquonoy of jiromiiioncoa, and tho moan north and south latitudes 
of spots and prominenoos lie defends tho view that the forms of the 
Corona folloiv' more olosely iho rise of prominences in latitude than 
tho froquonoy of sun-spots 

Ludondovfi|| has given a quantitative measure of what may be 
called tho olliiitioity of tho Corona On photographs of each eclipse 
ho drew ^Tsophotos^ or linos of equal intensity. He then divided the 
Corona by linos through tho centre of the Moon into 8 equal sectors, 

I BulhUn da I'Acaddmie Xmpdnale dea Sciences do PdUrabourff, March 8, 1887. 
goo ftlHo Obs* Mdff 18 

t A.S. 63, <J81, 82, 323, 01, 707 

II Sttz dcr PreuBs, AKad, d, Wisa,, 1028, p 185, and 1034, p 200 
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I in the direction of the Sun’s equator, V that of tho j)ole, and so on. 
He then ineasuied tlio diameters of each sector of an Isophoto and 


VIII+I+TI 

determined the occontrioity as jYq”yipvi “ ^ Then taking 

R = KVIII+l+II), 

he formed foi each Isophoto the equation 




He gives as an example the Corona of 1032, ivhoie ho uses matonal 
supplied hy Camhron (a memher of tho Canadian Jesuit Expedition), 
tlio Naval Obsorvatoiy of Washington, and Ilaivaid College Obsor- 
vatory. 
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Introducing a small oorreobion to use the radius of the Sun instead 
of the Moon, lie finds 
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(i,~\-b coiTOsponds to tho olhptioity at a distance of one diameter 
from tlio Sim’s contro, wJulo ^ is the phase of the solar cycle which 
ho defines as {T—m)j{m-~M^ or whore 114 J/g 

ino tlie limes of snocessivo maxima of sun-spots and m of immmum 
Negative valiios piocedo and positive ones follow the miiiimiim The 
uiimma and maxima are taken to be as follows* 

Jl/ni 

1880 0 1801:1 

1001 7 1000 4 

1013 0 1017 a 

1023 0 1028 4 

1034 0 

Hojootiiig tho (Jovona for 1918 wliioh is of maximum typo on the west 
and minimum on tlio oast side of the Sun, the accordance of a-f-6 
with (f) 18 HaUsfaotoi’y alter raimmnin but not good from maximum 
to mimmuin ITo agrees with Mitoholl that equatorial and polar 
typos of Uoi’ona occur a year or two before tlie minima and maxima 
of tlio HUii-spot period 

fAidondovlt compares tho ollipticities with tho annual moans of 
huU'HijoLs, and tho moans for tho periods of the solar rotation at the 
time of tho ooUpflo and sovotal previous rotations, but finds no 
acoorchmeo. WJion, liowovor, ho oomparos the mean area of promi- 
iiuiieoH for tho calondar month previous to thoeohpso, the results are 
nuu'h mmo Hivtisfaeloiy. Although ho is hy no moans dogmatic, 
lio iigi’OOH with NitohoUl 'that tho Corona takes its shape from the 
limgtliH and iiositioii angles of tho longest streamers. It can have 
no cimistiiiit shape but no doubt it varies from day to day, depending 
on the Inflation of tlio Hint’s activity’. 

UorgHtraiuU attempts to eliminate thojiorapeotivo oJIect of streamers 
from tlio Hull In modoratoly higli latitudes on the Isophotes near the 
polo and HO iihttiiu the real instead of the apparent form of tho 
(ioroiia. Using tUo formula wliioli ho dorivod from the 1914 eclipse, 
Iho intensity at hoiglit h is l//i* at the equator at the pole. 

Taking an tsephoto whoso distance from the limh is ft at the 
ociuatov and A' at tho polo, ho odds a term hj (ft' +0-6)^ for the intensity 
of tlio additional light from the slroamors in tho polar direction He 
tlion liHH tlio equation i p k 


t Av 76, 31 -2 (1032). 

t Atvhiv jnr Aftl och 

M NMAS. 95 , 430 ( 1030 )- 


If'yatl, StooMiolm, 32 a, 


Ko 


1, 25 a, No 4, and 
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wliioh he solves for jp and k from iho Huccossivo IsophoioH 'I'ho 
values ofjj fioin dillezent oclipsos liavo a value about ()•!} from a yc'iir 
after sun-spot maximum to sun-spot minimum wlion they 
increase to 0-7 about a year boforo the next maximum ner^jfHlrand 
suggests that at this point there is a discontinuity in tlio rc'al loim ot 
the Corona which suddenly returns to minimum typo. liorgHlrand’H 
views aie oiitioized by Ludondorff, who jiomts out the irrogulantios 
of the values of h The om])irical form of the term kjijif \ 0*5)® is only 
justified if the values of k agree in similar cases. 'L’ho Cioronus of 
1900 and 1901 are of very similar miiiimum typo, but tUo vahu's of 
h are O-iS and 0-00 


The authors are in agreomont with Mitoholl and Ludontlorff, (,liat 
the Corona may show different stioamors in the oourso of a few avcoUh, 
but the general form which is indicated by its elliptioity is in con- 
formity with the rise and fall in latitude of spots and proiiiinoneeB in 
the solar cycle 


Photography of the Corona without an Eclipse, In l«H2 
Huggins attempted to photograph the Corona in Ml daylight, and 
the problem received further attention from Halo and i)OHlandroa 
Screens, spoctroheliographs, and other dovioos have boon tried in 
vain Success was attained by Lyotf at the Observatory of the flo 
du Midi In a clear sky and with a high Sun the atmosphorio diffusion 
gives to the sky near the Sun a brillianoy ol about ono-millionth of 
the Sun for the wave-length 6,600 A , whioh is not sudloiont by itself 
to overpower the Corona within a few minutes of the Smi’a limb. Dim t 
in the air is a more fatal obstacle and according to Lyot’s observations 
at Meudon often surpasses 60 millionths of sunlight and is seldom 
less than 20 millionths On the Pie du Midi, ospooially after a fall of 
snow, the diffused light is not more than twice tho intoneily of the 
Corona. Of still gieater importance is tho diffusion introduood by tho 
optical system which may amount to one-thousandth part of sunlight 
an^d completely mask the Corona. Lyot analyses this dirtusion into 
(1) the effect of diffraotion at the edge of the Ions, (2) soratohos on 
the surface, (3) small bubbles m tho lens, and lastly to a roflootion 


Lyot eliminated these defects by constructing a Coronagraph iu 
the following manner. He employed a plano-convex lens of 18 om. 


t Za.f Aekophye, 6, 73 (1082). 
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diainotor and focal length 3 16 in , figured and pohshed with the 
groalost care without aoratoh or bubble This lens is placed at A 
and forms an imago of the Sun on a blackened biass disk at B 
with a margin oi 16" greater than the disk A field lens G behind 
tlio disk jiroducos an imago A' A" of the lens A on the diaphragm 
J)y with au additional veiy small soieen JS at its centre. Tlie dia- 
phragm D ohminales tho light difiiaoted from the edge of G, and E 
that produced by the light inflocted from the two smfaoes of the 
Ions Boliind tho diaphragm and the scieen a strongly corrected 
objootivo Ibims an achromatic image of the Corona at B'B" The 
hold lens, diaphragm, and objcotivo are fixed on a slide ilf to admit 
ul fooiiHing 

'I’ho wliolo apjiaiatus is m a wooden tuhe Q, 6 meties long, coated 
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inlonmlly with oil, and closed hy n cap at H only opened during 
obsorvation A silvorod concave diaphragm at 1 throws away un- 
wanted light, and a silvorod disk at J reflects the light through win- 
dows at K and K‘, and thus prevents boating of the tuhe 

With this instrumont at an altitude of 2,870 ra , at the Observatory 
of tho Pui <lu Mull, tho Corona could on occasions be photographed 
i>anolm)inalio plains with a soioen admitting light of 6,600 A- 
fi KOU A. wore uaod But those prooautions did not wholly succeed 
in outtmg out diffused light But by mounting the Coronagrapb in a 
oarrior wliioli admitted of rotation, comparison of photographs showed 
what light was truly coronal and what arose from instrumental 
oiivsoH. By the superposition of six photographs taken at intervals 
roTtlio pholograpli of the Corona on 1931 July 
It roiiresonts tlio innov Corona corresponding to a 
Moon l‘0fl limes that of the Sun Lyot also measured the polanm- 
tlon of tho Corona around the Sun’s limb, and interpreted the results 
aa iu\ indication of tho form of the Corona By the ehmination of al 
Xi; and by tho use of a Lyot diffraction poIarnneter,t which 

•f Amaks de VObscrvalotre do Mewdon, 1922 
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can detect polarization to 1 part in 1,000, ho found no atniospliorio 
polarization within 7' of the Sun’a limb. Polaiization cominonccd at 
a distance of 6' from the Sun’s limb. It inoroa,sod rapidly towards 
the Sun and was stationary at a distance of 3' to tlio limb. It was 
strongest when the sky was most tiansparont and cliHap])oaro(l at tho 


N2S 
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passage of lightest clouds The polarization in parts per thousaiul 
in different directions at a distance of 80* from tho limb is given in 
the accompanying diagram, which refers to 1031 July 31 at midday 
with the Sun’s altitude 60®, The form corresponds to tho biillianoy 
of the Corona and not to the proportion of tho light polarized, and 
suggests a resemblance to the form of tho Corona, as tho poles of 
the Sun are approximately in position angle 10® and 100®. Roferonoo 
should be made to Lyot’s paper in tho ZeUsohiifl ftlr A$lyophyaik, 
5, 73 (1932), and to the following short notes; Oomplcs Jtewhis, 
191,834(1930), 193, 1169 (1931), 195, 943 (1932); 198,240(1934); 
200, 210 (1936); 202, 391, 1269 (1936) 


XIV 

INTENSITY OF CORONAL LIGHT TOTAL LIGHT 

Tub intensity o€ the coional light at different distances has been 
ooinhinecl by many obseivers ivitli a determination of its total hght 
It la convoniont to divide such investigations into two parts, and 
pioaont tho dotorimnations of the total hght m a later part of this 
chapter. 

IlarkiiGsa, I from visual observations of the eohpse of 1878, gave 
tho law C'/Zi.®, wheie li is the distance from the Sun’s hmb. 

Luiiior f found that the visual observations of Abney and Thorpe 
at the eolipsoa of 1880 and 1803 could not be satisfied by this law 
and gave tho law c/{/i.-|-0-26)2. Fiom photographs taken by himselfji 
and Captain Hills at tho eohpse of 1898 he was led to the law 
Biiglitness = 

whore ?' is the distance fioin tho centre of the Sun, and B represents 
the ©(toot of sky illumination, A varies with the radius along which 
tho intonsity is measured 

Soliwaizsohildj't m the course of an investigation to deteimino tho 
total hght of tlio Corona, made photometric observations on direct 
photographs on tho outer Corona and speotiophotometrio observa- 
tions on the innor Corona, From the first senes he obtained the 
results * 


r 

SO' 

36' 

40' 

45' 

50' 

Intomity JxW 

100 

0 70 

0 42 

0 23 

012 

Inioiiulty in map(ai 

UNu nor'fl law 

10 6® 

20 S"' 

20 9”^ 

21'0«' 

22 3® 

10 4® 

20 

21 3*» 

22 

22 


and from tho second senes’ 


__ r JG6 181 10 6 21 2 22 8 21 d 26 0 

IntomityJxlO" 111 0 42 0 17 0 11 2 0 4 3 7 21 

Intonsity iiuriDgs 14 0"’ 16 Om 10 0"* 17 3"> ISO™ 18 8® 10 2"> 

'J'urnor’s liiw 16 6'" 10 1® lO-O"’ 17 1® 17 0® 18 0® 18 6® 

The intensity J is given in terms of the Sun’s mean intensity and 
in tho second lino tho intonsity of the Corona is given m stellar magm- 
tudes. Tumor’s law A/r® becomes m stellar magmtudes 16 log r. 

■| Watkiti{i(on Obmrvaliona, 23 (1880). t Proc R S 66, 403 (1900) 

II P«o. n.S. 68, 80 (1001). tt Qmngen, 13 
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Beckerf at the same eclipse found the law 140)“'*, or in 

moreasmg stellar magnitudes 10 log(7t+0'140), which ho observed 
at ITorsse in Sweden with the Sun at an altitude of 38°. 

At the eohpse of 1914 August 21, for which ho had made careful 
preparations, Beigstrandl used objectives by Zeiss achromatized fiom 
3,660 A to 4,860 A of 6 inches apertura and 60 inclies focal length. 
Photographs were taken with apertures langing from 2 to 11 cm , 
and exposures of 6’, 10®, and 20®. Scales of blackness wore impressed 
on all photographs befoie development The photographs wore 
measured in a Hartmann photometer against scales which had boon 
carefully calibrated by Lundmark. 


The following extract from a moie complete table gives the cliiToiont 
distances from the limb at which the intensity reaches definite stellar 
magnitudes in the directions of the Sun’s polo and other radii 



The zero is arbitrarily assumed as I’OO™ at a distance of one radius 
from the hmb on the Equator 

Bergstrand drew Isophotes from these figures. His conclusion was 
that the law was well satisfied at the Equator. At the poles the 

law IS more nearly Gjli^ ® He is, however, inclined to a more compli- 
cated law to separate the true polar mtensity from the proj‘ootivo 
effect of streamers m latitudes of 30° or greater 

Young, II using Perrine’s observations for polarization at the eclipses 
of 1906 and 1908, gave the law 

At the eohpse of 1 926 J anuary 24 Pettit and Nioholsontt determined 
the relative mtensity at different parts of the Corona photographio- 
aliy. Exposures of 2® and 16® were made on Seed 30 plates and of 
73® on an Ilford panchromatic plate with a red filter, putting standard 
photometric squares on each plate. The photographs were centred 
and rotated beneath the sht of a registering raiorophotometer. The 

t Tfana , Senes A, 207, 307 (1008) 

II (Stookholm, 1010). 

" ' ^ ttAjj.jr 62,202 (1026). 
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galvanometer readinga are converted into intensities on. an arbitrary 
scale by comparison with the photomotrio squares The moans are 
taken for each zone and when correoted for general sky illumination 
and halation the following table obtained. 


Mean Inlenstiy for Different Zones 


Mean 

lachua 

Area A 

Inienaxtif I {Seed BO) 

IxA 

Inlomity 

(IIJoxl) 

IxA 

3^ 

758 

Mean 

1 11 

0 366 

0 600 

0 640 

0 670 

0 202 

0 816 

0 280 

1 27 

OdOO 

0 228 

0 200 

0 246 

0 100 

0 277 

0 112 

1 d3 

0 468 

0 111 

0137 

0 124 

0 067 

0 120 

0 068 

1 60 

0 fiOO 

0 003 

0 008 

0 000 

0 033 

0 006 

0 033 

1 76 

0 600 

0 039 

0 041 

0 040 

0 022 

0 031 

0 017 

1 01 

0 011 

0 027 

0 027 

0 027 

0 010 

0 010 

0 010 

2 07 

0 002 

0 019 

0 017 

0 018 

0 012 

0 008 

0 006 

2 23 

0 71‘J 

0 016 

0 012 

0 014 

OOlO 

0 000 

0 004 

2 30 

0 706 

0 010 

0 000 

0 010 

0 008 

0 001 

0 003 

2 66 

0*810 

0 000 

0 007 

0 007 

0*000 

0 002 

0 002 

2'71 

0 807 


0 006 

0 006 

0 004 

0 001 

0 001 

2 87 

0 018 


0 004 

0 004 

0 004 

0 001 1 

0 001 

3 03 

0 070 

♦ 

0 003 

0 003 

0 003 

0 001 

0 001 


* 


• 

* 

0 477 

■ • : 

0*630 


They found agreomont with Turner’s law of Ajr^ for tho Sood plates 
(4,600 A ), and for tho Iliord plates witli filter (0,600 A ) tho laiv Afr’’, 

E. S. King and Margaret Ilarwoodf determined the intensity of 
tho Corona observed at tho eclipse of 1026 with a 7i-inoh Oooke 
objective by compaiison with tho extra-focal images of stars in tho 
rioiados and in tho bolt of Orion. By uso of an Argand lamp at a 
distance of 1 motio, squares of known intensity wero impressed on 
portions out from tho plates of tho Corona and tho stars MoaBuros 
wore made by a thormo-olootrio photometer on a largo number of 
points on tho Corona. Tho density ivas too groat for satisfactory 
measures to bo made within 6' of tho limb. Erom 6' to 100' from the 
limb tho intensity is found to vary as /t~*. 

Tho oolipso of 3 927 was observed by Bolansky and Poropelkin |; in 
Sweden. 'Phey wore somewhat handicapped by olourl and fog, but 
scoured a number of measurable photographs with a Cooke 4-inch 
of 4 metros focal length and a Zeiss 'Possar of 120 mrn. and 00 om, 
fooal longtli. With suitable density soalos they made measures with 
a Hartmann miorophotomotor. They gave apooial attention to the 
intensity in t)io neighbourhood of tho arches over tho prominences, 
t H.O.O, O\T0ular 812. \ M.N.lt.A S, 88, 7(10 (1028), 

8COI»«10 Q 
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and note that the isophotes, of wluoh they give a drawing, aro drawn 
in towards the piominences As a moan result they find 
m = 6 71+7-6log(/t+0'l‘l:6), 

or that the intensity vanes as {/i+O 140)-® Prom observations of tho 
intensity of the continuous speotrum of tho Corona by Jonvallf from 
4,900 A to 3,910 A this law was confirmed. 

lOubei’l made very careful investigations fi om tho large-scale photo- 
graphs taken by Fieundlich m 1929 for tho bonding of light by tho Sun’s 
gravitational field One of these telescopes had an apor tnr o of 20 om . and 
afocallength of 3-4 metres, giving a scale of 1' to 1 mm., andexposuioa 
were made of 30®, 66®, and 14“ The second toloscopo had an apertui’O 
of 20 om and a focal length of 8'6'", so that 1 mm. on the plato was 
26" Three plates with exposures of 90“, 00“, and 40® woio measured . 
Thirty images of graduated darkness with a range of 9 magnitudes 
were impressed on each plate by use of a lamp of colour temperature 
corresponding to 3,000°, care being taken to have uniform illumination. 

The plates were measured in the Hartmann mioropholometer of 
the Potsdam Astrophysical Observatory. A comparison wedge was, 
aftei some experiments, constructed of the same colour and grain as 
the echpse photographs. The readings of tho ivedgo wore converted 
into magmtudes by means of the graduated images on oaoli plato. 
The tlnee photographs of scale 1 mm. = 1' were first reduced. They 
were then combmed by allowing for tho movement of the Moon so as 
to bring them to the central phase of the oolipso. Kluber drew a 
series of isophotes from I™ to 7’". Assuming the formula J — 
for distances of 6' to 70' from tlie hmb, ho finds tho following valuoa 
of n for different position angles : 



Near the pole wis 2-0 and near the equator 2*6, and tho mean value 
is 2<4 

t Alt Jahl oeh Under' a SlooUiolmi 06s, 11, 8 
t Za,f Aalrophya 2, 280, 3, 142 
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TIo next cliscuasod the photographs taken with the 8 S-metre tele- 

vZh rHu Tif f 3 inches, flora 

wluoli he obtained the following diagram of the isophotes 



¥ia, 24 


Aa boforo, solving for different position angles for the value of n 
ill tho formula Ajh'''’, ho finds: 


Pos angh 

n 

Pos angle 

n 

0 

00 

20 

o 

180 0 

23 

22 fi 

2‘8 

202-6 

22 

46 0 

2-0 

226 0 

23 

07 0 

2-3 

247 6 

20 

00 0 

22 

270 0 

20 

112-0 

2-1 

202 6 

20 

136 0 

20 

316 0 

1 0 

167 0 

1 0 

337 6 

1 0 
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The mean result is 2-1, ranging from l-O at the polos to 2'3 at tho 
Equator, Although the difference hetwoon tho two rosults is small, 
he gives greater weight to tho earlier dotormmation. 

The brightness of the Corona at tho oolipso of 1920 iTairiiary 1 ‘I was 
determined by Stetson and Andrews] from photograjihs taken by 
Miller with a camera of 0 foot focal longtli. Standard squares wore 
impressed on tho plates before developmont and tho ojiaoity of IK)0 
points from the Moon’s limb to a distaiioo of five radii dotorminod. 
We are in entire agroomont with tho authors’ conolusion tiiat tlio 
brightness of tlio Corona cannot bo expressed as a sirajilo function 
of the radial distance either from tho limb or tho Hun’s contro. 

Eor the region 2*0“2’66 solar radii they And a law varying as j 
)) )) 2*65— 3*1 „ ,, ^ ,, 

>1 » 3*1— 6*0 ,> ,, I, }'“*j 


and no evidence for any appreciable diftoronco at diftoront oolipsos. 
The following table is mainly oxtraotod from KKlbor’s paper. 


Year 

Obso'ver 

Law 

LimitH 

M(i% oy 
mm, 

Sun spot 
number 
aj^ data 
of cebpso 

1878 

Harknosa 

;r® 


Min 1878 1) 

3 4 ^ 

1803 

Tumor 


0 to 2 0 

Max. 18»4 1 

84 9 

1898 

Turner 

(A+l)-" .. 

0 llo 3 0 

Min 1901 7 

20 7 

1006 

Sohwarzsolukl 

{h+ir> 

0*1 to 1 3 

Max 1900 4 

03 6 

1906 

Booker 

(ft+0 14)-' 

0 llo 1 7 

Max. 1000 4 

03 5 

1006 

Young 

(ft+1)-* 

0 07 to 0 0 

Max 1000 4 

Oil IS 

1908 

Abbot 

(A-h 0 14)-^ 

at a fow points 

Min. 1013 0 

48 5 

1908 

Young 


0 07 to 0 0 

Min 1013*0 

48 5 

1914 

Borgstrand 

/r® 

0*1 to 4 0 

Min. 1013 0 

0*0 

44*3 

1026 

Pottit ( 

(Ad-l)-® 

0 1 to 2 0 

Mm 1023 0 

1926 

Nioholson \ 


0 1 to 2 0 

Mm. 1923 0 

44*3 

1926 ' 

King and Harwood 


0 7 to 6 7 

Min 1023*0 

44*3 

1920 

Stetson and Andrews 

various 

2*0 to 0 0 

Min 1023*0 

03*0 

1927 

Balanowaki and 
Perepelkin 


0 05 to 3 1 

Max, 1028*4 

00 0 

1927 

Jenvall 

(/t^f 0 16)”8 

0*08 to 0 4 

Max. 1028*4 

00 0 

1929 

Kltiber 


0 8 to 4 7 

Max. 1028 4 

05*0 

1929 

ICldbei 


0 8 to 4*7 

Max 1028 4 

05 0 


The different laws show no relationship to the tyiio of Corona. On 
the whole they are not more discordant than one would anticipate 
from photographs of the Corona. The table of magnitude dlfforonoos 
which follows illustrates some of the laws. 

t Ap. J, 69, 227 (1020), 


Clmp. XIV INTENSITY OP CORONAL LIGHT TOTAL LIGHT 


117 


Law 

01 

0 2 

03 

0 4 

0^6 

0 76 

1 0 

1 6 

20 

S 0 

40 

6 0 


00 

1 6 

2d 

30 

30 

dd 

60 

68 

6 6 

7 i 

80 


/j-at 





3 1 

12 

6 0 

60 

0 0 

8 0 

88 

0 d 

(fe-l-0 Ifi)-® 

00 

1 1 

10 

20 

31 

12 

60 ' 

02 

7 0 

8 2 i 



(ft-j-0 U)-‘ 

-1 3 

-0 3 

08 

1 7 

20 

3 0 

6 0 j 

06 






1 1 

1 7 

22 

27 

31 

dl 

6 0 

06 

7 0 

0 6 




0 2 

09 

1 6 

23 

20 

d2 








Total Light of tho Corona. Tho total light of the Corona may ho 
obtained by concentrating it m a suitable manner and compaiing it 
lihotoraotiically with a standaid candle. This may bo done visually, 
photographically, oi by means of a photo-oleotiio cell Another 
method is to inoasnio tho intensity in clilloroiit parts and then by 
mechanical intcgiation or by a detoiminatioii of the law of intensity 
obtain tho total light. 

Some of tho oailior observations give voiy large or very small 
values of tho total light in coinpanson with that of tho full Moon 
The largo values in all probability included a good deal of soattoiod 
daylight in tho result As the aiiparont dianiotor of tho Moon may 
bo 1‘08 times that of tho Hun, and tho mtonsity of tho light falls oil 
very rapidly from tho Sun’s limb, variations of 30 to 40 per cent 
may bo expected in diiloiont oolipses. No variation duo to tho solar 
oyolo has as yet boon established Tho total light of tho Corona is 
about half that of tho lull Moon 

Among tho oailior visual observations are* 

1880 Almoy and Thor^io Phil, Trans 180,303 0-8 full Moon 
1889, Jan. Lousolmer Lick Obs. 1880 0-4 „ „ 

1893 Abney and Thorpo Proa, Ii,8, 66, 403 1 1 „ „ 

Those wore obtained by tho use of a Rumford or similar photomotor 
by com])arliig tho intonsitios with a standaid cancllo at various 
chstancos. 

Tumor dotorminod tho brightness from photographs taken by 
Abney in 1803 and by himsolf and 1 Tills in 1808 A series of darkened 
squares wore prepared by Abney which transmit light over a range 
of four magnitudos. By tho liglit oi a standard candle at a measured 
distance, tiioso woro printed on tho plates with tlio same time of 
ox]) 08 ui’o as was given in tho ooUpso Ifixposuros of 1“, 2®, 8®, and 20“ 
woro given at tlio eclipse of 1898. Corrections of -|-0-46'", —O-IS"', 
d-0*22'”, —O'll)"' woro made to bring tho plates into harmony, tho 
larger correction to tho plate with 1® oxposuio being assumed as duo 
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to eiTor of time of oxjioauro Tho pJalcs ’woro llu'ii moasurod iii a 
pliotomctor, the law doiliicodj wlioro Af) * ih iho mipiiMily ol 

the Corona at chstanco r from tho contio ol tho iSuii, and H Iho aUy 
illumination. 

For the eclipse of 1808 A was found to ho l-S, livkiiif' tho Moon aa 
equivalent to 0-02 of tho standard oandlo at tlio distanco of one loot 
By integration, tho total light of tho Corona was Joinul to I lo M ( Ito 
full Moon, Tho oolipso of 1893 troatod in n fiimilni’ mannor gave O-IJ. 
The main uncertainty about this dotorminaliou is tlio valuo of ilio 
photographic light of tho standard candlo coniparod witli tlio lidl 
Moon. 

At tho oohp.so of 1006 visual dolor minations woro made by FabryJ 
and Knopf| and pholograpluo dotorminatione by iSolnvar/.8ehildj| 
and GrafC.f f 

Fabry used a Lummor iihotomotor to moasuro I, ho total light of Iho 
Coiona. A oirolo of 6“ round tho oclipaod tSun was thrown on tlio soroon 
by a telescope with a Huyghons oyopiooo. ^l‘ho tint of tho PoiiiiinriHan 
light was harmonized by passing its light through an aninionmoal 
solution of copper sulpihato. Tho standard lam]) was llion dolor” 
mined in terms of tho light ol tlio lamp used during tho ol)Horvation. 
He finds tho light of the Corona = 0'13 lux (i.o. light of alandard 
candle at distance of ono metre), leaking tho light of tlio full Moon aa 
0*175 lux, tlio total light of tho Corona 0*76 full Moon. D'or tho 
intrinsio light ho foiiiul at a distauoo of 6' from tho limb a valuo of 

0 28 of the full Moon, agroomg satiafaotorily with 'I'lirnor’a valuo of 
0 25, 

linopf using a Wobor photometer and a honzono lamp os an intor« 
mediary comparison found for tho total light of tho Corona a valuo 
0’86 of tho full Moon. 

Sohwarzsohild reduces Fabry's valuo of 0-76 to 0-66 on account 
of the diffused light. A similar roduotion of Knopf’s valuo brings it 
down to 0- 62 of the full Moon. 

Sohwarzsohild mado a photographic dotormlnation of tlio intensity 
of the Corona, and then by integration tho total light, For tho outer 
Coronahe used a small tolosoopo with a Potzval objootivo of 0 iuolios 
an a focal length of 28 inohos. For tlio inner Corona ho doLorminod 


it Gmff, Ham6 Ahhmd, 3^ 47 (1013), 
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the intensities from aspootium oxtonduig fiom 6,000 A. to 3,600 A 
obtained with an objeotivo pnsm of violot glass and 46° angle and an 
ob]eot-glafes of 4 4 inches and focal length 44 inches. The intensities 
were determined by comparing the blackness with photographs of the 
Sun taken through a darkened wedge at diffeiont readings. These 
W616 compared with photographs of the light of the direct Sun, 
sufficiently enlarged by a microscope objootivo to reduce the intensity 
Comparison ol tlie intensities with photographs of the Moon taken 
on the voyage give a satisfactory accoi dance. 

As the lolativo intensities as found on p. Ill are in satisfaolory 
accordance with Turner’s formula, he integrated according to this 
law from the Sun’s limb to infinity, and found 

3*2 X 10“’ or IC‘3"* compared with the Sun, 

0'17 or 1*0'" „ „ Moon. 

Sohwarzsohild finds the Corona light compared with the Sun slightly 
weaker in the ultra-violet, fii these observations ho has allowed for 
the scattered light. Those observations wore the first made with a 
direct comparison with the Sun’s light, and are a tribute to Sohwarz- 
sohild’s skill in photometry. 

Graft used for tlio iiinor Corona a telescope of 20 metres focal 
length giving a diameter of tho Sun 18-3 om. or 7*8 inohos, and for the 
outer Corona ono of shortor focus Ho used Soliwarzsohild’s results 
to calibrato the scalo of hlaokness, and finds for the total brightness 
O' 20 full Moon 

A photo-olootrio dotormmation of tho brightness of tho Corona was 
made by Kunz and Stobbins [• at tho eclipse of 101 8 under very favour- 
able conditions. Their site was Book Springs in Wyoming at an 
altitude of 0,600 feet, with the Sun at zonitli distance 03'3°, and a 
totality of 06 seconds. Tho ooloiir-sonsibility of tho iiotassium ooll 
they used may be taken as 4,600 A. Tho cell was exposed clii'octly to 
tho Corona during totality and tho galvanomotor roadings compared 
with those made on a standard olootrio lamp N before and after the 
oolipso, Tho intensity of this lamp was accurately dolormined in 
terms of a standard amyl-acetato candle. Tho deflexion of tho gal- 
vanomotor was found to bo directly proportionol to tho intensity 
of tho light. Tlio ooll was exposed to the light of tho Corona and 
to the sky at a distance of 8° fi'om the Sun. The programme of 

t Ap. J. 49, 187 (1010). 
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observations is sununarized in the table oxtraclcd from tiio anthor’s 
paper 

Uoiona in 
can<lle-»ivlre» 

0 G7 

001 
OfiO 

0 02 


The mean result is 0 00 in oandle-metros. 

The observers obtained observations of the full Moon a fortnight 
later after their return The valuo was found to bo 0*88 in oanclle- 
metrea with the Moon at a zenith distance of 06 >3''. Prom stellar 
photometric work they find an atmosphorio absorption of 0*30"' for 
the photoraotrio cell on a clear night. Allowing for tho zonith distance, 
the Corona outside the atmosphere will have a brightness of 1'07 
candle-metres and the full Moon 2- 13 oandlo-metres, and tho Coi’ona 
is 0 60 of the hght of the full Moon. 

Observations of a similar oharaoter were carried out by Briggef at 
Goodwindi in Austraha at the eclipse of 1922, Uo obtained a value 
of 0 22 candle-metres at mid-totality, but oonsidorably larger values 
0 34 and 0*27 near the begimiing and end, which ho attributes to tlie 
brighter hght of the inner Corona, If tho moan valuo bo taken, wo 
find O' 28 The Sun was at zenith distance 60“, so tho values for 
the brightness of the Corona outside the atmosphere are soraowhafc 
uncertam, and are 0 62 candles or altornativoly 0*7 0 candles. 

RossJ at the same eohpse, observed at Wallal in ISTorbh Australia, 
made a determination of the total light of the Corona by a dlroob 
comparison with the full Moon a fortnight before tlie eclipse. A 
suitable photometer was construolod by which tho light of tho 
Corona was received on a photographio plate through a eorles of 
oiroular apertures, a screen of finely ground glass being used to prevent 
pan-hole images. Ey having three draw sHdes, two records of the 

t Ap. J. 60, 278 (1924). 
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light of the full Moon on September 0 and one of the Coiona on 
Soptombor 21 wore obtained on an Ilford Spooial Raind plate Also 
a record of the full Moon and Corona and a Hefner Amyl Acetate 
lamp on a Wellington anti-soi'een plate. The total light of Iho Corona 
compared with tho Moon at the same altitude east of the meridian 
was 0’G2 and west of the meridian 0 69 for the Ilford plate ]?or tho 
anti-screen plate tho coronal light Avaa found to be 0*77 of tho full 
Moon, whose light from tho amyl-acetate lamp was dotoiininod as 
O' 18 lux. The anti-soroen plato indicates that the light of tho Corona 
IS somewhat stiongor in visual light. 

ICunz and Slebbinsj* made another doterinination at the eclipso 
of 1926 near sun-spot mimmura, using tho appaiatus they employed 
in 1918 They woie unfortunate in having the Sun at the largo zenith 
distance of 73°, but foi lunate in having a break in tho clouds at tho 
time of tho eclipse. 

Tho light of tho Coiona was ineasurod in oandlo-motres as 0'29. 
Assuming that tho absoiption at tho zenith was O'dO"', they conclude 
that tho total light of tho Ooiona outside the Earth’s atmosphere 
was 0'93, as against 1*07 in 1918 Thus for tho thico eclipses 1918, 
1922, and 1926 tho values of tho brightnoss of tho Corona in terms 
of tho full Moon are 0*60, 0'37, and 0’43. 

They con oludo that no real difference has boon established for a differ- 
ence of tho intonsity of the Corona at sun-sjiot maxima and minima. 

At tlio oohjiso ol 1926 ParlduirstJ: determined tho total light of 
the Corona by comparison with a Tungston lamp of colour tompora- 
turo 2,415° 0. Ifo ohsorvod the amount of txansmitted hght also 
tlnough a groon and bhio filter. Tho Sun was at a low altitudo 16'0‘’. 
lie subtraoLod for tlio sky light by observing 8° oast of tho Sun He 
compared tho lamp willi tlio Moon, but had to make a oorreotion 
for phase and In some oaso.s for altitudo. IIis moan result is 0 27 
times tho full Moon Tlio reduction of tlio observations was nearly 
completed before liis death, and the pnhlioation of the results was 
entrusted to Miss Farnsworth 

'Cho total light of tho Corona in blue and yellow light was delor- 
minod by King|| at tho oclijiso of 1 026 January 24. Four pliotomotors 
of ‘pin-holo’ typo woio used at Tluffalo by Sliaploy, at Fough- 
keopsio by Miss Cannon, at Now Txmdoa by Loon Campbell, and at 


t Ap.J ,(i2, 114, 3025 
I! Jl.0,0 Oiteultn, 286 (1025). 


t Ap. 64, 278 (1020). 
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Nantuokefc by icing It was oloudy at UuiTalo but oloar at i ho other 
stations, where the Sun was at altitudes of 17°, 18°, and 20° ISxix)- 
sures were of 4* and 2® over fields of 0° and 3° dianiotov rospoolivoly. 
By the use of neutral shades absorbing 1‘0'" and 3*7"' for the l)luo and 
I'S"* and 2'9">for tlio yellow, oamfully oalibratcd with the unsliadod 
light, three gradations of intensity wore furnished. 

The plates weie moasurod by a thormo-oloclrio jihoLoinotor ami 
compared with a Hefner lamp. The losults obtained at the Uiroo 
stations compared with the Hefner lain]) and taken as o f jiliotogra] >hio 
magnitude —10 OS’" and photo-visual ~13’81)'" aro oa follows 


Stellar Magnihule of Got'ona 

Photo 

in ni 

-ll'80 -.11(10 

-not 

-IMIO -^.ll-M 

- mi ^ U (II 

After elimination of the sky light, the photographio magnitude of 
the Corona is found to bo —10*70"’ and the ])hoto-viBual inagnitudo 

11*67"’, giving a colour index corresponding to star of typo Clo. 
Taking Russell’s value of photo-visual inagnitudo of tho Moon us 
—12*66"’, the Corona is fainter by nearly one stellar magnitude, and 
its total light is 0*40 of the full Moon 

Bolometric Observations, Tho energy emitted from a small 
area of the Corona has been determined by tho bolometer, and may 
be regarded as a measure of its ‘surface brightness ’ Thon by integra- 
tion according to a determined law of intensity tho total brightness 
of the Corona may be found Other observations, giving tho distribu- 
tion of this energy between different limits of wave-length, though 
more properly belonging to the spectral cUatribution, are given for 
convenience in this chapter* 

Bolometric determinations of the intensities of tho solar Corona 
were made by Abbotf at the eclipses of 1900 and 1908, At tho eclipse 

pif orations wore made by Stetson and OoblenteJ and by 
Pettit and Nioholson.j| ^ 


Pho(og\aplm 



m* ni 

Nantucket , - 1 1 CO - 1 1 05 

New London — 1 1 42 — 1 1 12 

PoughkoopsiG *-11 21 -"10 71 

-1140 ^00 


t Aj) J 12, 60 (1800) { SmUhsoman Mueellansous 
} Ap. J, 62, 128 (1026). 


OoUeeltom, 52, part 1, 31 (1908), 
II Ap. J, 62, 202 (1986). 
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Abbot used a bolometer with a glass window fed by a miiror of 
60*6 cm diameter and focal length 100 om , obtaining in this Amy a 
gieat concentration of light He obseived the tiansmission through 
a glass coll 3'00 cm thick and also through a glass coveied with 
asphaltum vaimsh which Avould out out all the visible radiation His 
conclusion Avas that the light of tho Corona dillors voiy little from that 
of the Sun Tho intensity at a distance of 4' fiom tho Moon’s limb ho 
found to bo 4*0 x 10~’ coinpaied Avith sunlight. 

Stetson and CoblontK used a Noav Ionian lofleotor of 16 cm. aper- 
ture and 127 om focus. The thermopile Avas so arranged that tho 
locoiving surfaces of tho thoimoeouplo could be sot simultaneously 
on tho daik disk of the Moon, and tlien shifted so that ono Avas 2' 
outside tho limb on tho Avost and aftorvvaids on the oast. Tho size 
of each locoivmg suvfaco Avas 1-6 mm x6 mm A fluorite window 
tiansmitted all Avnvo-longths By tho inloiposition of a Avator coll 
(glycerine Avas actually substituted for water for fear of frost) 
moat of tho infra-rod light is absorbed Without tho glycorino cell a 
deflexion of 1*36 om. AA’as obtained, and with tho coll 0“< cm. T^ho) 
authors coiiolndo that a largo percentage ol ooronal radiation comos' 
from rolalivoly Ioav tomporaUiro omission. ' 

Pottit and Nicholson used tho eO'6-oiu. mirror used by Abbot in 
1008 ft had boon rofigurod so that tho fooal length was 101 om. and 
gave an imago of the Moon 9‘70 mm. at tho oclipso. A thermocouple 
and tiansmission colls Avoro inountod in tho foous of the mirror. The 
thormooouiilo liad a rock-salt windoAv Avluoh Avould transmit radia- 
tions of all wavo-Iongths. It had tAvo junctions 0 70 mm, square 
sopaiated by 6 mm 'I’hoy wore sot altornatoly on tAVO points, 4*0' 
oast of tho ]iml> and 12*4' insido tlio disk, and 12-4' inside and 4*6' 
Avost of tho limb. Two transmission coils wore ])rovidod — a coll of 
saturated salt Avalor I om thick and a cover-gloss 0*106 mm. thick. 
Provision Avas made lor tho ohango of locus produced by tho intor- 
positioii of tho water. 'L'lio roaclings of a D’Amonval galvanometer 
of high Honsitivity Avoro rogistorod ifliotograjihioally Tho results 
obtamod Avoro: 

Doxihlo deflexion 

Fioo 

“Waloi oolt 

Oovoi-glnflR 

Tho results wore compared dirootly ■with sunlight by moans of a 
small auxiliary mirror winch was placed centrally over tho 


nun 

. 47 1 
014 
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miiTor, the large minor bomg covered during the observationa of the 
Sun This spread the sunliglit over a circle of 116 cm. in diameter 
at the thermocouple, loducing the intensity of the sunlight in the 
pioportion 22-07 X 10“ * The deflexions obtained for tho same alti- 
tude of the Sun were* 

Deflexion 


mm 

Fioq , C7 2 

Watoi coll 40 8 

Co voa -glass 60 2 


The Govor-glass tiansmits all wave-lengths fiom O-S/i to 6 6/x, while 
tho ■water-cell only transmits light from 0 3 to 1 3 jti Allowing for a 
reflection of 7 per cent from tho covei -glass, there is no hght fiom 
Sun or Corona of wave-length > 6-6 /x. They And for the percentage 
distribution i 



0 5/i 

1 5/x 

Corona 

77 0 

22 4 

Snii 

714 

28 6 


The Corona thus had slightly more light on tho blue side of 1 - 3 /a than 
tho Sun. 

Surface Brightness of the Corona, iror tho relative intensity 
at 4-6' from the Moon’s limb, tho intensity of dueot sunlight to that 
given by tho large mirror is 41 96 x 10"® Tliis must bo nuiltiphod 
by 22*07 X 10"^, as the dii’oot sunlight was weakened to this extent. 
Thus the radiation of tho Corona compared with tho Sun at 4*0' from 
the Moon’s limb is 9*26xl0-’x66 4/114*4, or 6*20x10"’. A small 
oorrootion applied to this makes the final ratio 6*40 X 10"’. This is in 
good agreement with a value of 4*6 x 10"’ obtained by Abbot from 
tho 1908 eohpse at a distance of 4' from tho Moon’s limb. Using tho 
value 6*40 x 10“’ the mtegratod intensity is found from the table 


onp. 113. M — 


6*4Qxi;JA 


j where is the mean of tho intensities at 


4‘6' from the Emb In this way the total intensity of tho coronal 
hght in terms of the Sun is found to be 10*1 X 10"’ for tho Seed 30 
plates and 10*7 X 10“’ for tho Ilford plates with the red filter. 

Using RussbE’s value of the ratio of the -visual hght of tho full Moon 
to that of tho Sun, 21*6 x 10“’, the total brightness of the Corona is 
found to be 0*47 that of the fuU Moon. 

Leaving the distribution of colour for later consideration, the 
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tollowing hat is bolievod to mcludo most of tho doteiminations of tho 
total light of the Corona 


JHchp^Q 

Ohsctvc} 

ATethod 

Full Moon 

1888 

Abnoy niid Tlioi po 

Visual 

0 8 

1880 

Loiiaohiioi 

Vifliml 

04 

1808 

Abnoy and Tliorjio 

Viaual 

1 1 

1808 

Tiirnoi 

Photogiapluo 

0 0 

1898 

Tiiinoi 

Photogiaphio 

M 

1005 

Fabiy 

Visual 

0 75 01 0 55 

1005 

Knopf 

ViBual 

0 86 01 0 02 

1005 

Sohwnt/solnld 

Piiofcogiaphio 1 
Sl^ootioginphioj 

0 17 

1005 

Giaf£ 

Photogiaphio 

0 20 

1008 

Abbot 

Ilolomoti 10 

0 10 

1018 

ICnnz nnd Stobbinw 

Photo oloctuo 

0 50 

1022 

Bilggs 

Photo olootuo 

0 33 

1022 

BrOsa 

Pliotogiaphio 

0 00 

1022 

Bosa 

Visual 

0 77 

1026 

Kiin/i and Stobbina 

Photo olootuo 

0^43 

1026 

King 

Plioto visual 

0 40 

]025 

Paikhuiflt 

Visual 

0 27 

1025 

Pottii and Nioholsoii 

Bolomotiio 

0 47 

1020 

Stotaon, CoblonU, Arnold, Spnir 

Photo visual 

0 52 


Tho total light may for tho prosont ho jnit clown ns 0*'J-7 that of tho 
full Moon, wluoK is noav tho moan of tho most roliablo dotorminatioiis, 
and 18 1 00 X 10-® of tho total light of tho Sun. 
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POLARIZATION 03? TII3S CORONA 

Theory of Polarization of the Corona developed by Schuster . 
Sohusterf m 1879 pointed out very clearly tho value of aoourato 
measuremontg of the polarization of light in the Sun’s Corona PIo 
calculated the polaiization due to the scattering of light by small 
particles suriounding the Sun We cannot do betiei than quote tlio 
introductory paiagraph of his paper, 

^Befoio we can apply tho theoretical xosults to tho actual jihonomonon, 
we must take account of all the particles along a given lino of sights Wo 
cannot do this, as wo do not know the law of distiibution of tho soatioring 
particles round the luminous splioro We are, thorefoio, obliged to discuss 
various possible laws, and see how the thoorotioal results agico with tho 
observed facta, A further comphoatxon is introduced by a largo and un- 
lmo^vn quantity of unpolarized light mixed uii with tho Corona and most 
likely due to incandescence. Our problem is an inverse ono, and sooins at 
first sight very hopeless 3?iom the observed iiolarization of light wo aro 
to find out what part is duo to scattering particles, and, as will bo seen, wo 
cannot do tins without finding out at tho same time in what way tho 
scattering particles aio distributed round the Sun and m wliat way tho 
light due to other causes vanes with the distance from tho Sun, I began 
the calculation in tho hope of getting a rough idea only of tho amount of 
polarization we might expect But it appeared that oven such observa- 
tions as wo can make during the short time available during a total oolipso 
may yield most important information as to tlie constitution of tho solar 
Corona I shall show that oombined measurements of the polarization at 
different distances from the Sun will be sufficient to determine all our 
unknown quantities We may hope to obtam, by means of tho polarisoopo, 
answers to the following questions 

^In what way is the scattering matter distributed in tho solar atmo- 
sphere ? 

^What part of the light sent out by tho Corona is due to scattering 
matter ? 

Ts the scattering matter projected outward from the Sun, or is it falling 
onto the Sun from outside ? * 

According to Rayleigh’sf formula, the light fiom an element of the 
Sun’s surface at M and scattered at P is resolved into two oo mp ononts : 
polarized in the plane OPJIf, B^ cos®a polarized in the plane at right 
t M.N n AS 40, 36 (1879), J Phil, Mag 41, 107 (1871) 
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angles to 0PM, •whore ct 18 the angle MPO The intensity resolved in 
any plane forming an angle S with 0PM is 


i?* (cos® S eos® a sin^ 8 ) . 



By iiiLogration over the ivliole of tho liuninona splioio visible at 
P, Sohuator finds lor tho light rofioctod by a volume element at P 
tho amount polarized in tho plane GPO is 
P® 

Po = ^(l— COS w)(‘!+COS«»-|-COS®£<)), 

and tho amount jiolarizod in tho porponclioular iilano is 
IP 

wheio to IS tho angle botwoon PG and tho tangent to tho sphere from 
P, and X is tlio angle GPO 

Sohustor wont on to calculate tho amount of polarization whioli 
would be found in tho light rofleolod by a cloud of particles distributed 
according to various laws, tho density being proportional to various 
inverse powers of tho distance, Tho results aro expressed as follows: 
Lot <7 bo tho total light received from any point in tho Corona; 

Jq tho amount of light from this point polarized radially, 

/ tho amount of light polarized tangentially, 

2A tho amount of light emitted which is not polarized at all. 
Then J == I^-\~I-\~2A. 

Tho polarization in tlio radial direction is and the fraction 
of tho coronal light which is radially polarized is P = Tho 

quantities and I were originally calculated by Sohusterf and 
recalculated in a form slightly bettor adapted for comparison with 

f Loo olt. 
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observation, by Young. In both oases the calculations axe given, for 
densities proportional to r, and j while Young adds the 

case r“®. 

Young’s Comparison of Schuster’s Formulae with Observa- 
tions. The only observation available to Schuster was that by 
Winter, at the eclipse of 1871 who deterhiined the fraction of tho 
polarization at 10' from the limb as 20 per cent From a general 
consideration of possible laws of density and their effect on the varia- 
tion of 2A as the distance from tho Sun is increased, Schuster con- 
cluded that the scattered light was not much more than half of tho 
total light m the Corona of 1871. 

A quantitative comparison of Schuster’s formulae with observa- 
tions is that made by E. K Young, t who discussed the polarization 
photographs taken by Perrine at the eclipses of 1001, 1006, and 1908. 
In 1901 Perrme used a doubly lefraotmg crystal placed in front of a 
telescope of l-inoh apertuie and 21J inclios focal length In 1006 and 
1908 he supplemented this by placing gloss reflectors at tho polarizing 
angle, with tho planes of p)olorization perpendicular to each other 
in front of two telescopes of 3 inches apertui*o ond 60 inches focal 
length. The photographs leproduced in tho lAch Obae,rvatory ButUehii 
show to the eye a marked difference in tho form of tho Corono. 
The intensities iveio measured on a Hartmann microphotometor, tho 
plates being placed on a rotatmg table. As no scale of intensities 
was made on the original plates, one was constructed on similar platos 
as fai as possible in the same manner. In Fig. 20, taken from one of 
several in the Lioh Observatory Bullehn, the plane and dotted linos 
give the ourves of equal mtensity, or isophotes, of the two photo- 
graphs taken by the double-image camera. With Young’s notation, 
a 13 the amplitude of vibration of unpolarized bght, b is the amplitude 
of the vibration of the polarized hght, ibi, are the measured in- 
tensities of the images parallel and perpendicular to the lino in tho 
plane normal to the reflecting polariscope. These normals were sot 
as nearly as possible in the cardinal pomts. Then 

6*sin®0-l-^a® — ^2, 

and the percentage of polarization equals 

t X.o B. 205 (1011). 
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Owing to lucleterminatenesa in tho neighbomhood of 46°, measures 
woio only used between +20° and —20° round oaoh cnidinal point. 


N 



M’ho lesulls from 3 plates in 1001, 4 in 1005, and 2 in 1008 aro given 
below, and alongside is given tho total intensity J obtained from 
jihotographs with tho 40-foot telescope in 1006 and 1008. 


ViH/ancd 

Jlfoon'a liffib 

J^ei cent age of 
])ola) ized hghi P 

Hclative 
mtenailf/ J 

IKf 

JV 

{coi 

y 

18*0 

r>42 

0 1)70 

0 86 

2' 

2d*7 

» 07 

OOOi 

0 02 

tl' 

88*2 

2dd 

0 810 

0-83 

y 

87*8 

162 

j 0'670 

0'6l 

G' 

87*d 

a 00 

0 37d 

0-41 

6' 

80 0 

0 70 

0'260 

0 28 

r 

37 0 

0 61 

0 188 

0 10 

8' 

36*1 

O'JO 

0 IdO 

0 14 

0' 

86*8 

0'80 

0 100 

oai 


The quantity P is the radial polariaation, but It is possible by tho 
use of Sohustor’s formulae to dotormino separately the amounts of 

3615,10 a 
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radially polarized, tangentially polarized, and nnpolarized light Tho 
quantity PJ (corrected slightly to the distance from tho Sim’s, not 
the Moon’s, hmb) is equal to Ja—^) hy comparison ivith Schustor s 

calculations it is possible to deduce a distribution law for tho reflect- 
ing particles in the Coiona, Young finds that the distribution of 
matter m the Ooiona is represented by 14?-®— TTo gives in 
the following table tho observed and calculated valiios of ^o~~I on 
this assumed value of the density , 


Distance 

(Oalculated) 

{Obaewcd) 

0 --’0 

V 

OOQ 

0 86 

--0 10 

2' 

0 85 

0 02 

H-0 07 

3' 

0 70 

0 83 

H^OIS 

4' 

0 67 

0 01 

+0 04 

6' 

0 44 

0 41 

-0 03 

C' 

0 34 i 

0 28 

-0 00 

r 

0 28 

010 

-0 09 

S' 

0 22 

0 14 

-0 08 

9' 

018 

0 11 

-0 07 


He IS then able to calculate and I separately, and finds 2A the 
unpolarized part 


Distance 

lo+it 

— 

2A {pc7ce7itaO(i) 

V 

4 66 

5 85 

22 

2' 



23 

3' 

181 


33 

4' 

129 


23 

6' 



16 


Hia conclusions are* 

1 The polarization of the light ui the Corona is radial 

2. The percentage of polarized light increases rapidly from the 
hmb, reaching a maximum of 37 per cent at a distance of 6', 
and then falls slowly to 36 per cent at a distance o£ O'. 

3 The Corona is formed by matter projected from the Sun. 

4 Two-thirds or even a greater percentage of the light omitted 
by the Corona is due to the scattering of small particles 

The only ontioism we have to make of Young’s paper is hie 
assumption for the law of density. If the assumed law had been 
the sum of an mverse 6th and 8th power there would have been 
no objection But a difference of two powers seems somewhat 
artificial. 
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Using tlio mvorao Gth power, wo find 



h-Ix 

A+A 

J 

2 A {percentage) 

1' 

1 1 01 

4 67 

5 85 

20 

2 ^ 

1 0 83 

2 03 

3 98 

20 

U" 

0 01 

1 80 

2 00 

31 


0 49 

1 20 

1 08 

26 

0" 

0 37 

0 80 

108 

18 

0' 

0 28 

0 02 

071 

13 

r 

0 21 

0 45 

0 5(1 

17 

8 ' 

0 17 

0 31 

0 41 

24 

0 ' 

0 13 

0 21 

0 30 

30 


Tiio agrcoinont of /q— I with the observations is not so good, but 
tho I'oaulLs ai'o in general agroomont with those obtained by Young 
Obaervationa by Dufay and Grouiller, 1932. At the eohpse of 
1032 Dufay and Grouillert placed a doubly refiaotmg piism of Ice- 
land apai' before the slit ol tlieir spectroscope, and thus obtained 
Hpootrn of light polariKod in two perpondiculai diiections 

Comparison of tho two spootra sliowed that the polarhation was 
indopondont of tho wave-length and that it reached a maximum of 
20 por coni, at a distanco ol i 0' from the limb. 

Visual Observations by Johnson, 1934. Visual observations 
of polari 7 -allon are made with dHTioulty during the short time of an 
oolixiBO, but they have boon made from time to time, and they indicate 
that about one-third of the coronal light is unpolarized 

At tho oolipse of 1934 JolinsonJ; used a diffraction polanmetei 
designed by Lyot wluoli made it possible to measure the fraction of 
polariKOcl light to one part in a thousand Measuring from the east 
limb, ho finds the following percentages at the distances mdioated, 
■whioh may bo oompaiod ivitli Young’s figures. 



X^cicentaga of polanzation, P 

Dxataniofiom 

Vtmal 

PfioiograpMo 

limb 

{Johmon) 

{Young) 

10' 

17 

18 

10' 

23 

24 

4 1' 

20 

38 

0 5' 

25 

37 

8 5' 

28 

35 


Atmospliorlc Polarization. A diffloulty with the determination 
of polarization in the Corona arises from the possible polanzation 

i O.Ii. t96, 1074 {103.3). t P./l.S.P. 46, 226 (1034), 
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due to the Earth’s atmosphere Observers liavo sometimes found 
no atmospheric polarization, but others havo found polarization, 
usually in a vertical direction We shall confine ourselves to the 
observations of Newallf and Salet^J who observed tho eclipse of 1905 
from stations in Tunis about 30 miles apart. Nowall found irom 
visual observations made with a Savart polariscope that polarization 
was approximately vertical or horizontal In this instrument a pilato 


5]^^^ bends and 
corona hands] 
conspiro 


5 ^ bands preponderate 
/ 

Sky bands neuLraiise corona bonds 
''^1 1 I bands preponderate 

Bands m the tjuadranL omitted 



I’M 27 


of quartz is out at an angle of 46° with tho optic axis, and pi 
association with a Nicol prism tho instruinont gives a series of intor- 
ference hands when the incident light is polarized. Tf the light is 
polarized at right angles to the plane of transmittance, a dark central 
band is obtained, aooompanied on both sides by parallel coloured 
fringes If the incident light is polarized parallel to the direction 
which can pass through the analyser, the central band is bright and 
the whole effect is complementary to that found in the previous oase. 
Newall also obtained a photograph at the same eclipse with a similar 
instrument and obtained a result shown in Fig. 27, 

The vertical atmospheric bands in tjie upper and lower quadrants 
are out of step with those in the left-hand and nglit-hand quadrants. 
The coronal polarization is therefore radial and the atmospherio 
polarization horizontal At a distance of from the centre of tho 
Corona the intensity of the coronal polarization is equal to that of 
the atmospheric polarization. 

Salet carried out similar observations at the same eclipse. Ho 
looked for evidence of a magnetic field in the Corona in the shape of 
small deviations of the plane of polarization from the radial, and 
■\ MN. RAJS 66 , 476 (1900) | 0 fl. 141, 698 (1006) 
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found a deviation of 2 6° by visual observation Tins deviation was 
confirmed by photographs taken during the ooli))so Salot found that 
the plane of polarization of atmospheiic light was vortical — a result 
exactly tlio opposite of Nowall’s, although the two eclipse camps weio 
only 30 miles apait Salet found that the polarization of the Corona 
was a maximum at 5' or 0' fiom the limb of tho Sun, and that it 
could be traced outwaids for one or one and a half solar diameters 
Tlio fact that both Newall and Salot were able to deloct polarization 
at distances of 2C' or so from tho limb, whoie the intensity of tho 
coronal light boa diminisUod to a Imndiodth part of its intensity 
near tho limb, is of inipoitanco, and seems to indicate a very bigli 
degree of polarization. 

Recent Observations. Dulay and Grouillorf confirmed their 
results (j) 131) at tho eclipse ol 1980 August 31 and found tliat 
polaiization of tho ( !orona roachcd a flat maximum of 20 per cent, 
at a distance of 10' from the limb and is indopondont of wave-length 
over tho range 4 ,000 A.-5,700 A, 'fhoy conoludo that the contmuous i 
spectrum ol tho (Jorona is duo to tho Boatloring of sunlight by free f| 
electrons, 

Cohn,!; on tlio oontraiy, finds from the collpso of 1934 Vob, M 
dilToioncoH m tho amount of polarization lor tho light of clilToront 
wave-lengths (iom'l,200A to 0,080 A. Tho polarization in tho rod 
roaches 07 ])or cent, at 0' from tho liinh, 11 o concludes that tho ] 
scattering is not duo solely to Jico olootvons. ' 

\ a «. 203, '10!i (1().)(5). 

j: A’aliite, 1037 Jaii, 2, p 20. A ptoliminnry nacountorthomotliodofotaorvalion 
tfl givoii in P A.fl }\ 46, 177 (103-1). 
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THE SPEOTRUM Of’ 't’lIE CORONA 

Tiih apool-rum of ilio Corona was fivHt olwovvcd tiH a continuoiiH lianil 
in 1808 by Rayot, In 1809 IlarknosB and Youn/^ diwovorcil a bi’ijjjht 
lino jn the groon. Fn 1871 Oansson found abHorjilion linoH, inuludlng 
Iho -D Imo of Bodiuin, in tho continuous Hpoolnnn. iSchusloi' in 1888 
ooiioluded that Iho continuous spootrum luul Us ina\imuin faidhev 
in tho rod than tho maximum of Iho solar spoctnnu. 'I’his was i-on- 
firmod by Doslandros in 1803, but was doihnloly contiadiotod by 
Sclnvarzsolnld in 1005. 'I’lio Jaol that tho colour of tho apootruin 
is identical witii that of tlio Eiin was ostablishod by Ijiidondord 
iioni obsorvations of tho ochpso of 1023, and u'ns confirniotl by 
tirotrian in 1920 'fho oxistonco ol claik linos hoH boon attributocl 
to sunlight soafcloi'cd by tho Barth’s atniosphoro. But iboir prosonco 
* has boon placed beyond doubt by ATooro, budoiulorfr, and Orotrian. 
Additional bright linos wcio discovered hy J^ockyor ni 1803 and by 
later astronoinors. 

Absorption Lines. Polariscopio obsorvations indicato umnia- 
lakably tlmt a largo jiaii of tho coronal light is loiloototl sunlight. 
Tho prosonco of dark linos in tho spootrum of tho Corona was found 
by Janssen in 1871. Tho possibility that those arose from tlio sun- 
light Boattorod by tho Earth’s atmosphere throw some donlit on this 
result, In 1883 Janssen assured himsolf that the dark linos wore 
coronal, photographs, notably those taken by I’orrino in 1001, showed 
dark linos, but thoro was still somo doubt wliotlior thoso had not 
arisen from scattoTod sunlight. Mooro,!* il'O cobpso of 1022 Sop- 
iombor 21 in Australia, with a small clisporsion and a long oxpoanro, 
obtained tho spootrum of tho Corona to a distaneo of 35' from tho 
Sun, Eraunhofer linos wore found, particularly in tho violot, but no 
trace of linos was found beyond tho limits of tho Corona spootnun. 
Tho coronal linos wore stated to bo broader and fainter than tho 
corresponding solar linos. By oonijiarisou with an iron spootrum 
inside the dark disk of the Moon, displacomonts to tho rod of 20 km. 
wore found both on tho oast and west of tho Corona at a distance of 
20' from tho Sun’s limb. As this light is, in tho main, at any rate, 
reflected sunlight, an outward movement of tho particles of tho 

1 P/1.S.P. 3J5, 833 (J023) 



CImp XVI ABSORPTION LINES 136 

Ool’oim of 20 to 30 3cm jhoo. is indicated This was veiified, but not 
so satisfactorily, in 1932 

Ludondorfl! 1 at tho oclipso of 1923 September 10 found no Fiaun- 
liofor linos within 5' of the Sun’s limb, but beyond tins limit they weie 
30011 weaker (Jtaucr) but not broader than the corresponding 1inft, a m 
tho solar spoctium No repioductions of Moore’s or Ludendorff’s 
spectra have been given as far as wo aie aware, probably on account 
of tho difficulty of publishing satisfactory positives Ludendorff’s 
BpeotiTim was put undor a Zeiss microphotometer by Grotrian.f The 



trace at a distance of 1*1' from tho limb is given with the solar spec- 
trum for comparison. 

Tho strong absorption linos at 4,006 A., 4,046 A, 4,144 A and 
tho (I lino ooour in tho Corona spectrum ivith practically the same 
width as in tho solar spectrum, confirming Ludondoril’s conclusion 

Continuous Spectrum, Many attempts have been made to 
determine the distribution with wave-length of tho intensity of the 
continuous spectrum of the Corona, the first measurement being 
made by Sohustoi’H at tho oclipso of 1880 August 29. He found that 
‘tho maximum of actinic iiiLonsity of tho coronal light was decidedly 
more towards tho rod end of tho spectrum than that of Sun light’. 
Do8laiKlro8§ found a similar losult in 1803. During both those investi- 
gations tho Corona was veiled for at least a part of the exposure by 
cloud. Another important mvostigation was conducted by Schwarz- 
sohildi t at the oolijiso of 1906 August 30. Ho found that in the range 

t SttzsunyabenohlG dor Pt etts Alad derWm 5,83(1026) 

I Astrophya, 8, 124= (1900). 

II Darwin, Sohiiator, and Mattnclor, IVnL Trans* 180, 826 (1800). 

5S Annaks du Jhireau dca f^onfftludeSf 5, 40 (1807) 

tt As( 40)U Miikdunven der Kgl* Slermvaito «« Q^li/ingenf 13, 18 and 60 (1006) 
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3,600-6,000 A the intensity distribution of tho Corona spootrum 
agreed, in general ivith that of the solar speotriiin, but that when tho 
differences were analysed, it was seen that tho intensity inaximiun of 
the Corona was shifted sbghtly towards tlie red as compared with 
sunlight 

It was left to Ludeiidorff,t and following liim Gioiiian, dofinitivoly 
to establish the fact that the intensity distribution of tho coional spoo- 
trum coincides with that of the normal solar spectrum at least ivithin a 
limit of Od'". This was done by very careful photographio photometry 
wliioh may serve as a model to all speotrophotometne observers. 

It wiU be remembered that photographio photometry is earned 
out as follows Let D be the density of a photographio imago, 
measured by any photometer This density D may be dosoribod 
numenoally by the deflexion of an eleotiomoter noodle or by tlio 
setting of a wedge on another sort of photometer, but it is essentially 
dependent on the size of the silver grains and the number deposited 
ml sq.mm ofthe photographio image. Then lot J;\ bo tho mtonsity 
of the light which gave rise to this image. Tliero will be in general 
some relation between photographio density and light intensity, or 

-D=M). 

where the form of / is dependent on the time of exposure, the cir- 
cumstances of development, and the wave-length A. It is m general 
unknown, and each plate has to be cahbrated in each wave-length 
that IS used. We have m addition Sohwarzsoluld’s i elation 

D=Mn 

lelating the densities of images made with different exposure times 1. 
Hero ^5 is an index which is again dependent on the exact olromn- 
stanoes of the development and must be determined for each plate 
as it is used Since general relations between Z), 7, A, and t cannot 
be used, it is necessary in determimng intensity as a function of 
wave-length to oonduofc the observations in such a way as to form 
a comparison of the object under examination with a body whose 
colour-intensity function is known, e.g a black body It is at onoe 
desirable to eliminate the coeffioient jp (which is difficult to determine 
with accuracy) by giving equal exposure times on objoot and com- 
parison (Corona and black body). B’urther, it is desirable to use the 
relation D — /(.^) as little as possible, by making the densities of 
object and comparison as nearly equal as possible. If it is not possible 

t Loo cit* 
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to use a blaok body which has appioximatoly the same colour distri- 
bution as the object, it is deshablo to reduce the colour difioronces 
by interposing suitable colour screens Tn the case of the Corona, 
however, there is available for comparison a body whoso colour 
distribution is known, namely tho Sun itsolf , and since it is known 
that the Corona and Sun have at any rate roughly tho same colour 
distribution, tho intensity distribution of tho Ooioiia with wave- 
length 18 best dolorinmod by comparison with the Sun itself. Tho , 
use of the Sun rather than a toriostrial black body oliminatos tho ' 
necessity for detormiinng atinosiihorio oxtinotion ooeifioients ISTow 
tho Sun is very much brighter than tho Corona — a matter of 16 
magnitudes — so that equal oxposuio times can only bo given to 
Corona and Sun-oomparison if some moans of reducing tlio mtensity 
of tho latter is employed. 

LudendorfC compared tho intensity distribution of tho Corona 
with that of tho Sun by a inotliod based on tho above considerations. 
Tho exposure times on Corona and comparison were made equal, and 
the sunlight was reduced in intensity by interposuig in tho optical 
system a piano surface of chalk, from which a diiluso lefleotion was 
taken, and a nuinboi of coorso iviro gratings, which weie inserted 
alternatively, so that a numhor of oomjiarison spectra of differing 
densities wore sooiuod. JIo obtained m this way at least ono com- 
parison spectrum a little denser than and ono a little lighter than 
the coronal spectrum, and tho use of tho relation D « was 
resfciloted to interpolation over a small range in very wave-length 
ineasiued. Tho results require a small oorrootion for tho voiiation 
in tho refloofcing power of chalk with wavo-longth. Corona and com- 
parison wore exposed on different days, tho Run’s Konith distance 
being the same. Ludendorff worked hotwoon 3,820 A. and 4,840 A. 
He found that between those limits the inleiisity-wavo-longth curve 
of tho Corona coinoides with that ol the Sun within the limits of 
observation, and that tho ohsorvocl difforenoos nowhoro exceed a 
tenth of a magnitude In partioular, the intensity maximum of tho 
Corona spootrum has tho same wave-length as that of tho solar 
spectrum. The intensity distribution is tho same at all heights above 
the Sun’s limb in tho Corona 

Ludendorff’s results were oonflrmod and extended by Orotiianf 
at the eclipse of 1929 May 9. Three spootrographs were mounted on 

t Ashopht/B, 2| 10(J| 8, 12d, 
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a aiuglo polar axis, the optical pai'ts of one being made of quartz, so 
that the coional spootium fiom 3,400 A to 0,600 A was obtained 
In addition to LudondorfE’s chalk reflector and wiio giating, Giotiian 
employed a step wedge over the slit of each spectrograph 

On each of the three spoctrogiaphs exposures of 62 seconds and 

minutes respectively weie mode during totality (on May 0). The 
comparison spectra, made on the Sun itself when at the same zenith 
distance as at the time of the eclipse, were obtained on May 13 and 
May 16, using both 62 seconds and 3} minutes ns exposure times. 
These wore made on plates winch were either cut from tho same 
plato or taken from the same packet as the eclipse plates All pairs 
were developed together on May 20 and May 21. Each comparison 
plate lias a number of spectra of different intensity, and it is possible 
in every case to find two solar spectra such that one, is just 
stronger and one, Sh, just weaker than the coronal spectrum K in 
every wave-length. 

Tho difference in magnitudes of the intensities of and Si, is 
AWaj,, being tlio difference in magnitudes between tlie transmissions 
of two stops on the step filter, and is determined by laboratory 
expeiimeiit. The spectra 3„, K, and Si, were passed through a 
registering photometer; tracings are reproduced in Eig. 28, p. 136. 
Let tho deflexion of the eleotrometer needle at a given wave-length 
on the coronal spectrum be ajs^, and let the deflexions on tho com- 
parison spectra at the same wave-length be and a^j,. Then tho 
magmtude diffeience between the coronal spectrum K and the solar 


spectrum S^ is 


8 = 




‘^Sa~~'^Sb 


In stating this relation it is assumed that tho density-intensity 
relation In between the curves S^ and Sb is a straight line, which is 
.legitimate if the magnitude difference Am-gb is small The question 
under investigation is whether 8 is a function of the wave-length or 
not. A correction to 8 has to be apphed for the deviation from con- 
stancy of the reflecting power of chalk. 

This method of colour photometry is ideal, as the measurements 
actually made are measurements of small differences of density 
between Corona and companson spectrum, the exposure times being 
equal. Grotrian finds that throughout the range 6,600-3,400 A. 
the values of 8 never exceed O*!™. In making this comparison he 
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found that the colour curve of tho coronal spectrum follows the 
solar colour curve when a smoothed value ol the latter is taken over 
tho region 4,000 A -3,700 A , whore there is a great concentration of 
Fiaunhofer absorption thus tho coronal spectrum shows Fiaunhofor 
absorption smoothed out by some process so that the individual 
linos aio unrecognizable, (jlrotrian emphasizes tho fact that his work 
IS essentially an extension ot LudendorfE’s as to tho range of wave- 
length dealt witli, together witli tho improvement of tlie step rdtor. 

Other moasiiiomonts oi the colour intensity distribution of tlio 
continuous spectrum of tho Coiona have boon made by 0avidsoii, 
Minnaort, Ornslein, and Rtiattoni at tho eclipse of 1020, and by 
Paiinekook and DoornJ. at that of 1027. In neither ease was the 
aoouraoy oi tho photometry at all comparable with that of Ludon- 
dorff and of Giotrian, and both reductions make use of tho Sohwarz- 
Bohild coelhoient Photograiihie photometry was not introduced into 
the programme of the 1020 expedition until a late date, and no time 
was available for tho design of adequate calibration apparatus. The 
observers had to content themselves with pliotograpliing tho solar 
spectrum with successive exposure times of 1 sec., 2 see , and 4 soo. 
by way of providing calibration marks. (Tt is at onco nocosaary to 
assume a value for the Soliwarzsoliikl ooollioient to And tho density- 
intonsity relation from suoh marks ) Davidson obtained an exposure 
of 2i^ minutes on tlio Corona witli a quartz siiectrograph : a high 
proininonco overlaid tho Corona during half of tho exposure. Tho 
coronal continuous spootriim is shown from 4,160 A. (the edge of tho 
plate) towards shorter wave-lengths Tho Avoll-exposod speotnim 
extends to JI and /f, and then dies away suddenly so that it has 
praotioally disap]ioarod at 3,000 A. Whon this speobrum was put 
through tho inicrophotomotor tho colour temperature of tho Corona 
between wave-lengths 4,100 A. and 3,860 A was found to bo 2,000°. 

Tho groat weight of Crotrian and Ludondorlt’s work must bo hold 
to prove that the colour tomporaturo of tho Corona is the same as v. 
that of tho Sun itself. It is true that Crotrian finds a dip amounting 
to 0'3"' between 4,100 A and 3,860 A., proolsoly tho region used in 
tho 1026 result into which tho oiteot of tho dip might enter as tho 
Corona follows tho inlogratocl offoot of tlio Fraunhofer linos, and 
presumably tho comparison spectrum was picked out in between 
the Fraunhofer lines. But tho difference in gradients between tho 

1 MN HA. S, 88, 030 (1028) 1 I'et/i. K Akail. Amfterdam, 14, 21 (1080). 
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black -body curves for 2,000° and 6,000° is such that there is a magni- 
tude difference of 0*8*" at 3,860 A, if the spectra are matched at 4, 100 A 
This means that the j)liotographio photometiy m the 1926 result is 
responsible for an error amounting to half a magnitude, The density 
at 3,860 A on Davidson^s film is near the threshold value, and tho 
exposure on the Corona was 270 sec , compared with 1 sec. to 4 sec, 
on the comparison solai spectra, so that a great burden was thrown 
on the Schwarzschild coeflioient. 

The oontinuoiis spectrum of tho Corona was pliotograjihod by 
N, W Doom at tho eclipse of 1927 June 29, Two exposiuos were 
made, from 6® to 8® and from 11® to 27® after totality. The con- 
tinuous spectrum of the Corona is well exposed Photometric cali- 
bration of the plates was performed by imprinting tho spectrum 
of a lamp emittmg him a black body at 2,062° through a step wedge, 
the exposure times on these comparisons being 9®, 90®, and 900®, The 
spectrum from 0,030 A to 4,900 A, was received on a panohroniatio 
plate abutting an oidinary plate, which received the spectrum from 
4,900 A, to 3,900 A, Tho two plates exhibit shghtly difleroiit curves 
when the intensity of the Corona is plotted against distance from the 
limb, though the cuives have the same shape for different wave- 
lengths on the same plate. This points to some photometric error, 
Pannekoek and Doom discussing the results consider that differ- 
01106 of spectral distribution (between Corona and Sun) cannot he 
derived with certainty from the results, because the relative values 
for larger and smaller wave-lengths depend to a high dogiee on the 
different Schwarzschild coefficients p adopted for tho two plates \ 
Over the range 6,030-4,400 A, the magnitude differences between 
Corona and Sun do not exceed 0’2”' on either plate Both plates 
show a high value at 4,000 A and a low value at 3,900 A., tho mean 
of the two plates at 3,900 A being 0*6"® lower than the average from 
0,030 A to 4,400 A. The lesults obtained by Pannekoek and Doom 
involve the adopted atmospheric transmission ooeffloionts 

Pannekoek and Doom conclude their memon dealing with tho 
lesults of the eclipse expedition by remarking that it is necessary to 
make the oompanson spectra with as nearly as possible the same 
exposure time as the eclipse plates This means that in practice it 
is desirable to dispense with the Schwarzschild relation D /(/a^) 
and work solely with the relation D = f{Ix), which can only be 
done by giving equal, or nearly equal, exposure times to eclipse and 
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compaiison plates — a pnnoijilo which will bo gonorally adinittod by 
all workers who have oxpoiionce of photographic xihotomotry in Uio 
present decade. 

To this must be added the information obtaiuod fiom the bolo- 
metiio observations given in Chapter XIII. Abbot conoludod, that 
the distribution ol light from the Corona differs little from that in 
the Sun. Stetson and Coblontx, on tlio contrary, found a much greater 
ladiation fiom the infra-rod 'Phoir apparatus was so mneb smaller 
than the large concentrating mirror used by Abbot and later by 
Pettit and Nicholson that the latter results aie to bo jiroforrod, Those 
give 77 6 per cent, of the coronal light between 3,000 A, and 13,000 A,, 
as against 7 1 • i per cent from the Sun. The bright Corona linos wluoli 
give poilmps 1 ])or cent of the total coronal light will explain jiart 
of the difforonco The conclusion that tho coronal light is essentially 
the same as sunlight, apart from tho bright linos, is not sot aside by 
the bolomotric moasiiremonts 

Bright Lines in the Spectrum of tho Corona, lu 1809 Hark- 
noss found a bright lino in tho groon in tho ooiii-inuous spootrum of 
tho Corona. Young idontifiod tho lino ho found in tho green with tho 
iron lino numherod 147d on Kirohhoff’s sonlo, 'I'lio diflloulty of tlio 
idontifloation of lines by visual observation niulor oolijiBO conditions 
must oxouso subsoqiiont obsorvors for not having corrootod this 
mistake for thirty years lu 1898 Ijookyor’sl expedition to India 
obtained iiholographs of tho spootrum of tho Corona witli a inismatio 
camera. A number of distinot rings wore shown and on measuromont 
tho groon ring was found to have the wavo-longtli 5,303*7 A. instead 
of 6,310*8 A., corresponding to K 147<J . Ilings woro found corrospond- 
ing to wave-lengths 3,800, 3,987, 4,231, 4,360, 4,608, and 6,303 A. 
A spootroscopio camera has this advantnge over a slit spootrograpli 
that it shows the distribution of each radiation round tho Sun’s limb, 
which often exhibits condensations in a few jilaoes. Comparison of 
tho rings showed a similarity of those at <1,086, 4,231, and 4,688 A, 
with that at 6,303 A. ’Plio rings at 3,800 A. and <1,608 A. woro similar 
to that at 3,087 A. n’hoso Bimilaritios suggostod tho possibility that 
tho radiations might proceed iVoin tho same oloinont. 

At the same oohpso slit spootroscopos woro used by Oarapboll, 
Nowall, and Hills. Tho slit spootroscopo lias tho advantage of giving 
more aoourato values of the wave-lengths. With this object, Oampboll 
t I'hil. 'Viana,, Soi'Ios A, 197, Ifil (1001). 
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and Moore j" at the eohpse of 1918, -with a light flmt j)rism of 60®, clo- 
termmed the wave-lengths and intensities and lengths of the coronal 
lines from 3,601 A. to 6,303 A With a spootrogi’aphio camera they 
obtained the distribution of the intensity of 6,303 A. round the Sun's 
limb, and in a drawing show that the condensations occur in the 
neighbourhood of prominences I’liey also give an historical account 
of coronal observations, and include a table of measures of wave- 
length from those of ITowler and Deslandrea in 1893 up to 1918. Their 
complete list includes a number which they recognize as doubtful. 
In addition to several faint lines discovered since 1898, attention 
may be drawn to the strong hue at 3,601 A. found by Lewis and by 
Campbell and Albrecht in 1908, and the red line at 0,374 A found by 
Carrasco and by Boslei and Bloch in 1914. As an illustiation of the 
great intensity of the 6,303 A. line in the neighbourhood of a promin- 
ence, the spectrum obtained by Dyson in 1906 is reproduced m Plato 
10. The slit was placed nearly tangential to the Sun’s limb at tho 
point oi second contact, and an exposure of about 2” 46® given from 
16® after the commencement of totahty to 16® from the end. The 
advancing Moon out ofi the exposure from the centre of the line. Tho 
chromospheric lines m the lower part of tho spectrum arise from a 
large prominence whioli happened to be near the point of second 
contact. 

At tho eohpse of 1918 the exjiedition from the Lowell Observatory 
obtained a sht spectrum of the Corona with two single-prism spectro- 
graphs and one with three prisms and one without slit In spite of 
thin haze these were very successful in showing the distribution of 
the continuous spectrum and the great extension of the line at 6,308 A . 

The attempts by CampbeU and Moore to obtain accurate wave- 
lengths of the lines at 6,303 A and 6,374 A. by the use of a grating 
failed owing to the faintness of the lines in 1922 and to clouds in 1923. 

At the eohpse of 1926 Davidson and Stratton^ obtained with a 
quartz spectrograph accurate wave-lengths of the lines from 8,388 A. 
to 4,086 A and with a flint spectrograph from 6,374 A. to 6,303 A. 
By a comparison of the variation of intensity of the hues at •different 
distances from the Umb they confirm the results of Lookyer’s 1898 
expedition in the similarity of 3,464, 3,643, and 3,601, 4,086 A. ; and 
also add the pair of lines at 3,388 and 8;987 A. With a spectrographio 

•f L,0 B 318, Phil tPtaiia,, Serioa A, 206, 403 (1906) 

i Mm S,A 8 64, lOe 




ULTIiA VTOLIOT ,Si*IOCT»UJl OJ*’ C'()1U)NA 1020 



Chap XVI nilKiHT LINES IN Sl’ECTUUM OE COKONA U3 

* 

oameia they also obtained the rings of 0,374 A. and 6,303 A The ring 
at 5,303 A. shows condensations in throe places in the neiglihoiiihood 
of pioininonces. Davidson and Stiatton inode a critical oxomiimtion 
of the lines previously found by obsorvois and rojoctod a mimbor of 
doubtful linos and some others wliioh opjioarod to bo ohromosphorio 
ratlior than coronal 

At the eclipse of 1930 Mitoholll’ ventured to talco two very fmo 
concave gratings to a voloaiiio island m the South 'Paoiflc and was 
1 owardcd by very fine photographs of the coronal rings. The dminotor 
of the Sun ivas 14 6 mm and the dispersion 10*0 A. per imllimotro 
Mitchell published drawings of the rings 6,374 A and 6,303 A and 
more detailed drawings of tlio condensations on the oast and west 
limbs Both of those are in tho neighbourhood of proiniiionoos. He 
points out that tho intensities are very provisional and may vary 
fiom oolipso to eclipse. 

Grotrian at tho eclipse of 1020 added two now lines at 3,328 A. 
and 0,374 A 

Intensities of the Emission Linos of the Corona. At tho 
same eohjiso Grotrian f mode a careful invosligation of tho intoiisitios 
of tho emission linos. Ho took three spootroscopos witlv which ho 
covered tho whole range of spootrum from 0,700 A. to 3,200 A. llio 
slits weie placed nearly tangential to tho iSiin at tho point of second 
contact Ho had tho good fortune to have a prominonoo near this 
point Exposuies of 3^ minutes and 62 seconds were given. By 
placing tho slit in this xiosition ho had a greater length ol spootrum 
foi eaoh interval of 1' in distance from tho Sun’s limh. 

Witli a Hartmann photometer tho total blackening of eaoh lino 
and continuous spootrum was compared with that of the continuous 
spootrum in the immediate noighhourhood. Tlio diagi’ain from Gro- 
trian’s paper (Fig. 20) shows tho intensity in stellar magnitudes of 
combined line and continuous spootrum and of tho continuous spoo- 
trum alono at varying distances from tho limh, tho diiloronoe of tho 
ordinates giving tho excess in magnitudes of tho lino above the 
continuous spootrum. 

Fi'om those curves and ten others not reproduced Jiere It is seen 
that there is in general a parallelism between the upper and lower 
parts of tho diagram, indicating that tho intensity of tho bright linos 
falls oil proportionately to that of tho continuous Bpootrum, There 
t Ap J 76, 1 (1932). t Za.f. Aalropliya, 2, lOOj 7, 36. 
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are, however, some differences, such as the moroase of intensity in 
6,303 A at %' from the hmb Grotrian uses these differences to place 
the lines in giotips and compaies tho results with those oflioekyer and 
ITowler, Campbell and Moore, Davidson and Stratton, and Mitehell 
Tlio conclusion with which Mitchell and tho authors agree is that the 




lines 6,303 A and 3,1^88 A. — ^the stiongest lines — ^probably have a 
common ongin, but no clear case is made out for any other lines. 

For the actual intensities of the Corona lines a Zeiss registering 
photometer was employed, and at a distance of 2*6' from the limb, 
an area of 0*2 inm. in length and 0*006 mm. in breadth was measured. 
Fig. 30 sufficiently illustrates the method. Let </ = where 

J is the total intensities measured by the miorophotometer, and 
<4 IS the intensity of the continuous spectrum and of the emission 
line in the neighbourhood. 
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iFurtlier, lot S = Jida, whei’o S is the coordinate measured by the 
mioroiihotometor. 

Let As = 

Then the equivalent bieadth of the hno AA is given by 

AA = Ast-. 
as 

As the distribution of the intensity in the Corona speotruni agrees 
with that in the solar speotruni, AA is multiplied by F{X), which is tho 
energy distribution of tho solar spectrum in arbitrary units. In this 
way tho following table is obtained. 

hitensiUes of Gownal Lines measured by Qrolnan 


A 

AA, m 

_/(A) 

i^^(A)AA 

InlC} 

^,303^100 

iJiilj/ 

3,SS8^ 20 

Picuiaiis 

CBlimate- 


0 7 

3 0 

20 

i"o" 

12 

8 

[]m 

11 1 

4 0 

44 4 

)C4 

20 0 

20 

UH 

14 

4 7 

0 4 

2 3 

20 

8 

3001 

1 1 

5 5 

68 

21 

20 

12 

3087 ! 

02 

78 

1 8 

07 

08 

5 

4087 

0 3 

8 4 

20 

10 

12 ^ 

0 

4231 

08 

92 

7^0 

2^0 

3 2 

8 

4607 

0 3 1 

10‘5 

31 

1 1 

1 4 ! 

3 

6118 

1 2 ! 

10*3 1 

11 8 

4 3 

0 3 

3 

6303 

27 6 

9^0 

272 

100 

122 

20 

0374 

28 

74) 

221 

HI 

10 0 

0 

0704 

20 

7 4 

14 8 

04 

07 

d 


'I’ho intensity of 6,303 A. is much greater than 3,388 A. apart from its 
multiplication by FQC) 

Grotriaii romarlis that tho bright lines eontribiilo not moio than 
l/180th iiart of tlie total energy of tlie Corona, and that tho green 
hno oontiibiitos not more than 1/lOOth ]3art of tlio visible light, and 
has no ])oro6ptiblo cA'oct on tho colour of tho Corona. 

Spectrum of Corona obtained wlllvout an Eclipse. In a 
previous chapter a description has been given oi Lyot’s mothod, of 
observing the Corona without an oclijiso 'Phis observer suecossfully 
applied his instrument to tho distribution of coronal linos round tho 
limb, and aooiirato determinations of tlioir wave-lengths and intensi- 
ties wore obtained. A full dosoription of tho spectrograph and spootro- 
lieliograjih employed with his coronagraph is given in tlio Zeilschnft 
filr Astropliysik (5, 73 (1G32)). Qsing a concave "Rowland grating of 

8 M 6 10 rr 
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14'6 0 }n. and radius 7 m. m the second order and correcting the 
astigmatism with a oylmdrical lens, Lyot obtains a dispersion of 1*2 A 
per millimetre. The images are somewhat faint and require a long 
exposure. Using instead of the grating a 61“ flint prism traversed , 
twice, ho has a dispersion of C A per mm. in the green, but the smaller 
dispersion is compensated by the exposure time being 16 times as 
rapid as that required by the grating spectrograph, The speotro- 
lieliogram taken in the light of the green ray is shown in the central 
part of Plate 11. The exterior part shows the green ray in difCerent 
parts of the disk with exposures of 10 minutes. It may be noted that 
I the ray is strongest m the neighbourhood of a spot. 

As a result of these lesearohes Lyot finds that the width of the 
green ray is 1’2 A. and is of regular form as seen under a mioro- 
pliotomoter. In parts of the Corona near the limb the Ime attains an 
equivalent breadth of 70 railbangstroms of the contmuous solar spec- 
trum. The wave-length was determined from the 1931 observations 
to bo 6302*86 A., and the difference of the East and West measures 
gave a rotation value a httle less than that of the Sun, but subject 
to great uncertainty. The red ray is given a wave-length of 6,374*76 
±0*16 A. Radiations at wave-lengths 4,232, 4,086, and 3,986 A. 
were not found. 

Lyot’st observations were continued in 1934 at the Research 
Institute on the Jungfraujoch, a station at an altitude of 3,460 
metres He found that the green lay which had been feeble in high 
latitudes in the year 1931 and very strong within 30“ of tho Equator 
( was in 1934 strong in liigh latitudes, and sometimes invisible at the 
Equator. Tho red line at 6,374 A. was more uniformly distributed in 
both years. 

Observations of the green ray were made on seven days between 
August 10 and August 24, and of the red ray on four days from August 
16 to August 24. Measures of the intensity were made at 66" from 
the limb. Prom the diagrams for the distribution of the intensity 
on these days those for August 10 and August 24 are reproduced in 
Pig. 31. On August 24 the green ray was visible to heights of 3' 66", 

4' 26", and 3' 10* in the three quadrants NW., WS., and SE. Prom 
August 10 to August 24 the Sun had turned through 186“, It is seen 
that the principal jets of the Corona accompanied tho Sun in its 
rotation. 


t O.It. 200, 210 (1036). 
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Lyot’s obseivations ) weio continued at tho Pic dn Midi in August 
and Soplembor 1936 Q'he gicen lay 6,303 A was skongly seen, but 
6,118 and 6,636 were not soon 6,374 was strongly soon, and 6,702, 
found by Giotrian at tho oolipso of 1929, is clearly shown Nothing 
was found botwcon 6,800 A. and 7,000 A Tho spook um was oxammed 
as far as 10,300 A in tho infra-rod and a now huo of inlensity equal 
to that of 6,37‘J was found at 7,802 A 




Lyot has dotorniinod tho true contours of tho coronal linos by 
comparison with monochromako solar linos in tho neighbourhood. 
Ho finds for tho thico first lines contours Avhioh approximate olosoly 
to tho radial volooitios of the moloouloa of a gas. fi'heir equivalent 
breadths aro 

0-80 A for 6,303 A. 

0- 97 „ 0,374 

1- 07 „ 0,702 

Jt should, liowovor, bo noted tliatif tho breadths of tho linos arc duo 
to thermal volooitios, tho atom must liavo a mass much smaller 
than that of hydrogen. 

M Lyot has kindly forwarded to us tho following results obtained 
at tho Pio du Midi in tho spring of 1036 Ho used a piano Rowland 
grating of 4 inohos and a oaraora Ions ol focal length 1 molro. ]?or 
tlio rays of 10,746 A, and 10,797 A. tho first order was usocl with a 
dispersion of 16 A. por mm., tho third order (6*3 A. por mm.) for 
tho line 3,388 A , tho second order (7‘6 A. por mm.) for tho other 
lines. I’lio intensities at a distanoo of 36* from tho Sun’s limb 
aro compared with tho intensity of lA. of tho continuous solar 
spectrum. Tho lino 8,388 A was measured at a distance of 66* 


t OJl, 202, No. M (Apiil 0, 1080). 
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from the linih, and its intensity is not oonipamhle with the other 
intensities. 


Wave lc7iglh 

E'vpcaure 

No, of plates 

IntensUi/ 

3,388 lOdhO 07 

li m 

0 36 

2 


5,110 03-h0 03 

0 18 

3 

2 0x10-“ 

5,302 86^:0 03 

0 18 

4 

120x10-“ 

0,374 61^:0 03 

0 27 

4 

28x10-“ 

0,701 83:i:0 03 

0 83 

4 

3 3 X 10-" 

7,060 02dz0 06 

0 40 

2 

4x10 “ 

7,801 04^0 07 

1 0 

8 

20 X 10-“ 

8,024 21^0 10 

1 0 

1 

1 3 X 10-“ 

10,740 80rh0 10 

4 10 

1 

240X10-“ 

10,707 06:i;0 10 

4 10 

X 

160x10-“ 


Tlie wave-lengths given are the moans of the East and West limbs The 
lotation of the Corona has been measuied on two plates for the green 
line, giving 0‘086 A. and 0*064 A. for the difieiencos East minus West 
As the coronal radiations change from one part of the limb to 
another and as different radiations generally shovv httle relationship 
with one another, the intensities of the linos are defuutoly variable 
Lyot finds that they also vary from day to day and oonsoquontly 
exact values cannot be given. It is surprising that the estimates 
made by different observers at different eclipses show so good an 
accordance in their relative strengths. Taking Grotrian’s measures 
of the intensity of the emission bnes in terms of 1 A. of the ooniinu- 
ous spootium of the Corona, and taking the total light of the Corona 
to be lO"'' that of the Sun, and on the assumption that its intensity 
falls off as the inverse 6th power of the distance from the centre, then 
in the neighbourhood of the hmb the intensity is 4x10“® of the 
intensity of sunlight. In this way we obtain a rough comparison 
of Grotrian’s with Lyot’s intensity for three lines. 


Lyot Qrolrim 

5,803 A. 120xl0-« 110X10“» 

6,374 A. 28 11-2 

6,700 A 3 8 8 


The following hst of the Corona fines contains all, as fai* as we know, 
that have been found to the present time The measures made by 
Grotrian have been converted into the same units as those by Lyot, 
namely, 10“® X 1 A. of the solar spectrum at the ooixesponding wave- 
length. The intensities in the last column are the results of estimates 
at many eolipses. Where a probable error is attached the wave- 
length has been taken from Lyot. 
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Wave, hnqih 

hit 

10-^y.lA 

OuU) iantl02V 

Int 

{eati 

mated) 

Wave length 

Int 10' 


Int 

{eslt 

mated) 

LyoU 

idse 

Qioinaui 

im 

3,328 

2 8 

8 

4,607 


1 2 

3 

3,388 10 J 0 07 

44 4 

20 

4,680 



2 

1 

6 0 

8 

6,110 03^0 03 

2 0 

48 

3 

3,001 0 

4 4 

12 

6,302 80 ±0 03 

120 

110 

20 

3,0'1:2 [) 


3 

6,530 



2 

3,800 8 


3 

0,374 61±0 03 

28 

112 

6 

3,080 0 

0 8 

6 

0,701 83±0 03 

33 

80 

4 

d,080 3 

1 2 

3 

7,069 62±0 06 

4 



1,231 t 

32 

8 

7,801 01±0 07 

29 


0 

1,311 


2 

8,024 21 ±0 10 

13 



4,360 


4 

10,740 80±0 10 

240 






10,707 06±0 10 

160 




Coronal Lines in RS Ophiuchi. No coronal lines have as yet 
boon icloniifiod in any torrostnal spectra, nor till recently m the 
specUa of any star In 1933 Adams and Joy )• found the lines 3,087 A., 
4,080 A, 4,281 A , and 0,374 A. in the spootrmn of ES Ophiuchi, 
'I'his star suddenly increased its brightness from 11 -O'" to 4 3“ and 
like 'P Pyxidis is subject to repeated outbuists In 1898 it reached 
a brightness of 7’7'" and was designated Nova Ophiuchi No. 3 by 
Pickering, with a spectrum classification Oc In 1023 Adams, Huma- 
Hon, and Joy obtained its spcctiura when of magnitude 11‘6 and 
classified it as O 6. Observations at Mount Wilson in August 1933 
showed changes in the spectrum of the stai similai to those found in 
Novae, briglitnobulM' linos being shownon August 31’. On September 2 
the Ho I lino 4,686 A. showed a strong band The green hne 6,303 A 
was seen on October 2, though it appeal's to have been observed by 
MiiUer’j; as oaiiy as Soptombor 3. The structure of the hnes is similar 
to the lie ' lino 4,080 A., having a sharp violet component and a 
faint rod oomponont. In May 1934 the coronal lines had disappeared 
and the spootrnm was similar to that of 1923. 

Tlio similarity of the coronal lines in this star to the lines of ionized 
helium suggests that this element is a possible origin of the lines 
Helium linos aro known to bo greatly strengthened m the higher 
chromosphere, and lecontly H, D. and H. W. Babcook|| have found 
the coronal lino 6,303 A. associated with Ho lines m the higher 
chromosphere. According to Goudsmit and Wu, t't it is not likely that 
the coronal lines will bo identified as forbidden lines in any spectrum 


t P,A S,F, 45, 240, 801 (1038) j 46, 228 (1084). 
II PAS.P. 46, 132 (1084). 


X N. 697B, 6084, 6980 
tt Ap J 80, 164 (1934). 
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on. tUo same basis as the ivoll-known nebular forbidden lines, on 
account of the gioafc width of the coronal linos , Wright and Curtis j 
have failed to obtain mterfeionce patterns of coronal radiation, and 
Lyot:], finds equivalent breadths of order 1 A ; gieat natural width 
in a line goes witli a short lifetime of the excited state of the atom 
which emits the line, and the nebular forbidden lines are omitted by 
atoms in metastable states which possess long lives — ol order 1 see. 
as opjiosed to the usual 10~® see found in oidinary oxoilod states. 
It was originally suggested by Rosenthaiy that the coronal linos torm 
pait of a spcotrum of helium in which both electrons are in excited 
states {the normal spectrum being emitted when ono electron 
remains always m the unexcited state) This suggestion is repeated 
by Goudsmit and Wu, who give approximate energy levels lor tlio 
doubly excited IIo atom. It is not possible to compute accurate 
Avave-longths, but it appears that such a speotium would at least show 
some lines in the visible spectrum. Theie are, however, two diffloul- 
lies to be faced' firstly, why do not the coronal linos Jit into a Ryd- 
berg senes it they belong to a single speotrum, and, secondly, if the 
coronal lines are duo to doubly excited He atoms, why aie tlie 
ordinary He hues absent m the Corona? These objections are 
answered by Beutlor,*!' ]• who contends that the absence of a Rydberg 
senes is explained by perturbations whioli arise in doubly excited Ho, 
since many series with equal symmetry piojierUos oonvorgo to neigh- 
bouring hmits, and that the absence of the He and Ho ' linos from 
the Corona spectrum is accounted for by the fact that the linos 
15,303 A j etc , are excited by fluorescence following on the absorption 
(Is)* Sd{mp) at about 170 A , while the absorptions (Is)* 2s{mp) 
and (Is)* -¥■ 2p(ml) at about 190 A are rare since the spectral regions 
winch would oxoito the last mentioned excitations are absorbed in 
the lower layers of the solar atmosphere by the oontinuous absorji- 
tion of the He+ and 0 '■+ spectra, which have their limit at 226 A. 

Tliis theory of the origin of the coronal lines cannot, unfortun- 
ately, bo allowed to jiass ivithout criticism. According to Goudsmit 
and Wu, the states of doubly excited Ho from which those ooronal 
lines originate have an excitation potential of no less than 00 volts, 
requiring radiation of wave-length so short as 170 A for their 
excitation Now suppose that the Sun radiates like a black body at 


t J Opt.Soc.Amer, 21,154(1931). 
11 Zs.f. AattOJJhjs I, 116 (1930) 


t O.R 202, 801 (1030) 
tt Za f Aadophya. 9 , 387 (1034) 
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6,000° K , then if all the solar energy omitted in wave-lengths below 
200 A. were concentrated in the coronal lines by a fluorescent process, 
these linos would exhibit a total luminosity of 10~'*'^ of the Sun’s 
luminosity or 10~^® of the luminosity of the Ooiona They avo 
observed to contribute about one-half of 1 per cent ol the luminosity 
of the Corona accoiding to Grotrian, the groat discrepancy between 
these figures suggests that tlie linos must originate in states with a 
much lower excitation potential Wo have otherwise to suppose that 
the solar radiation traversing the Corona is oxtraorclinarily rich in 
radiation of wave-length about 170 A 



XVII 

THE NATURE ON THE OORONA 
Early Theories of the Nature of the Corona, A good iloal ol 
speoulat/ion and rosoai'oli has boon given to tlio nnUn’o of Uio Run's 
Corona. Ono of tho earliest attonipta was inado by Rohaborlo !• in 
1890 from tho two oolipsos in tho provions year Jlo construotod a 
‘Moohamoal Theory’ of tho Corona based on tho iiriuoiido that tho 
streamers consisted of matter ojootod from tho Sun, and moving in 
elliptical streams about the Sun’s oontro as focus 'Phoso streams came 
from the sun-spot siones and fell back into tho Sun unless they wore 
projected with velocities gi eater than 600 km. ])or second. Schabovlo 
constructed a model of a typical Corona. Objection was raised that 
an animal ohango in tho form of the Corona should occur owing to tho 
poispootive elToot clue to the position of tho Earth m relation to tho 
Sun’s Equator Photographs of the oohpso of 1893 wore given a 
most oaroful sorntiny by Soliaboiio, and although tho thoory tliat tho 
forces involved are mainly gravitational must bo rojoctod, the view 
that tho coronal stroamors axo shot out xvith eruptive prominoiicos 
seems lonablo. As a very rough pioturo, wo may think of tho jots 
issuing from a rotating garden hose. 

Sabine’s discovery in 1862 of a relation botwoon terrostrial mag- 
netic phenomena and tlie sun-spot oyolo appeared at tho time to 
indicate tho existence ofmagnetio forces m tho Sun, and tho connexion 
between solar magnetism and the Corona is strongly suggostod by tho 
appearance of the Corona near sun-spot minimum, which is suggostivo 
of lines of force surrounding a inagnoti'/,od sphere. Bigelow | com- 
pared the Corona of 1889 with tho linos of force duo to a magnotio 
doublet at the Sun’s centre and coaxial with tho Sun’s axis of 
rotation, and found somo oorrespondenoe hotwoon tho two. I'ho 
existence of strong magnetic fields associated with sun-spots was do- 
monstratod by Hale in 1908, and tho same observer togotlior with his 
colleagues at Mount Wilson gave with much xmcortainty, tho gonoral 
magnotio field of the Sun as having a strength of 60 gauss in tho 
reversing layer and falling ofl in intensity farther out. StOrinorU 
put forward in 1911 a dynamical theory of tho Corona based on tho 

t OmilnbuHons of tho lACh No, 4. 

j Smithaoman InoiiiutOt No. 001 (1880), 
t| ai?., 162, 426 (1911), 
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assumption that it consists of electrons emitted from the Sun passing 
through a weak magnetic field. The oleotrodynamios of coronal 
stieamers has also been discussed by Rosaeland j 
In 190B Sohwarzfachild pointed out that there ivas no ‘Rayleigh 
blue’ in the Corona and suggested that the coronal light was sunlight 
scatteicd by elections. The rapid thermal velocities of the electrons 
imply an absence of Rraunhofer linos in the coronal light, thus, as 
RosselandJ points out, at a temperatme of 4,000“ K. aii election has 
a thermal velocity of 216 km./scc. which would broaden a line to a 
half-width of 10 A. at 6,000 A. At much lower temperatures than 
this the ITraunhofer linos would bo comiilotely obliterated. Although 
the piosence of Ifraunhofer lines in the Corona was first reported 
by Janssen, this fact had not certainly been established in Soliwarz- 
schild’s day, and its conflimation beyond the possibility of doubt 
was only made by Moore and Ludendorlf much later. The ITraun- 
hofor lines would naturally bo supposed to arise from the reflootioii 
of photospherio light by particles in the Corona having a mass 
considerably greater than the electron. The thermal agitation of the 
lightest atom, hydrogen, at 4,000“ K would not broaden the lines by 
more than about 0*2 A., while other atoms would of course broaden 
them less. That part of the coronal spectrum which exhibits IPraun- 
hofor lines might be attributed to the reflection of sunlight by a 
cloud of atoms or ions were it not for the difficulty that it is known 
that the light of the Corona is white, whereas sunlight reflected by 
bodies of atomic dimensions should exhibit the Rayleigh blue , and 
it might be attributed to the roflootion of sunlight by dust particles 
wore it not for the fact that a sohd body distant one radius from the 
photosphere would be raised to a temperature of 3,000“, at wliioh it 
would presumably volatilize rapidly. Before describing attempts to 
escape from the dilemma piesonted by these considerations of the 
nature of the Corona, wo hero recopitulate the experimentally deter- 
mined facts 

1, The intensity of the continuous spectra of the Corona falls off 
very rapidly from the solar limbs. 

2. Within 6' of the limb the Corona spectrum is purely a continu- 
ous speotrum. Outside this Umit the ITraunhofer lines appear, 
weaker than m the solar speotrum but of the same width as in 
the solar speotrum. 

\ Pnhl Osilo Umv* Oha , Ho, C, 


8596,19 


X 


X Ibid., No. 1, 
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3. The light of the oontimious spectrum is partly polarized. Tho 
polarization is a maximuni at a distance of about 10^ from tho 
lunb, 

4. Emission lines appeal in tho inner Corona and extend to at 
least 6' fiom tho limb. See Eig. 29, ji I'M 

5. Tlie Eraunhofor hues in the Corona exhibit a rod-shift relative 
to the solar lines, which indicates an outwaid velocity of tho 
soattoiing particles of the order of 20 kin./soc at a diatanoo ol 
10' to 20' from tho limb. 

The Corona considered as composed of Particles of Atomic 
Dimensions. The view that the scattering particles in the Corona 
lespoiisible foi the Eraunliofer spectrum are atoms or ions has boon 
discussed by Minnaert 1 in a paper ' On tho Continuous Spoctrum of 
the Corona and its Polarization’ in which he makes a new loduotion 
of Young’s polarization observations. The primary difficulty in tho 
path of an explanation along these lines is the white colour of the 
Corona. Particles of atomic dimensions should exhibit a scattering 
coefficient proportional to A“'S i.o. they should show tho Bayloigh 
blue. Tho light scattered by such atoms is polaiizod, and sinoo 
according to Young’s observations some of tho coronal light la 
unpolarized, it is possible to assume that the Corona omits a radiation 
of its ownt it might for example emit a black-body radiation oorro- 
sponding to some temperature less than that of tho photosphere, say 
about 3,000° Minnaert’s theory is that the light emitted by the 
Corona is red in colour and that the sum of this reddish light and tho 
blue light consequent upon tho Rayleigh soattoring by tho atoms in 
the Corona gives tho observed white light of the Corona. 

On this hypothesis the Corona spectrum can be considered as tho 
sum of three parts (a) a white continuous spectrum, polarized, duo 
to reflection by electrons ; (6) a blue polarized spectrum duo to rofloo- 
tion by ions or atoms showing the Fraunhofer lines , and (c) the proper 
©mission of the Corona, reddish and unpolorized. The degree of 
polarization should be expected to increase from red to blue Min- 
naert points out that visual observations show only 11 per cent, of 
polarization, while photographic observations show 36 per cent., 
the figures on their face value fitting m with a A"* law for tho 
polarized Hght. In claiming this result he has to suppose that the 
spectrum (ct) is negligible, but it is not likely that great weight can 
f Za.f Aalrophya, 1, 209 (1030). 
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be atlaohod io the visual observations It is in any case difi[ioult to 
account ior emitted light of sufficient intensity to balance that from 
icflcction 

After the publication of Minnaert’s paper Dufay and Grouilleif 
at later eclijiscs moasuied the polarization of the Coiona in various 
•wavo-lengths. Their observations showed conclusively that the 
polarization is independent of the wave-length over the spectral 
region which they studied (from 3,889 A to 6,876 A ) Dufay and 
Grouiller remark that ‘the Ooiona, whose spectral energy curve is 
practically identical with that of the Sun, and which is polanzed in 
almost the same j)roportioii in all wave-lengths, diffuses light like a 
gas of free electrons’, but this view ignores the fact that the Corona 
shows the Fraunhofer lines 

Muiiiaort noted of his own theory that it was not possible to recon- 
cile the strength of the spectra {b) and (c) relative to (a) required by 
the theory with thooietical physics He remarks ‘In the observations 
tliomsolvos there is nothing against the assumption that the scattered 
light of the Corona is duo to ions or atoms There is only the theoreti- 
cal argument agauist it, which, however, is very strong ’ One must 
now add that the observations of Dufay and Grouiller demolish 
Minnaert’s theory in its original form, and as far as they go leave no 
alternative to Grotrian’s dust theory — ^which has its own difficulties. 
One may perhaps say of the Corona, considered as an assembly of 
atoms and electrons ojocted from the photosphere, that the most 
singular feature is the complete ahsonoe of any emission lines such as 
those of H and Ca+ which are so conspicuous in the chromosphere 
and iiromineiices. 

The Corona Particles considered as Dust Particles. Grotrian 
carefully analysed the problem in a paper *t)ber das Fraunhofersohe 
Spektrum dor Soimenkorona’,$ and came to the conclusion that the 
Corona spectrum which exhibits the Fiaunhofer hnes is reflected by 
particles having a diameter of at least three times the longest wave- 
length at which the colour of the Corona is observed to agree with 
that of the solar disk, making the diameter of the particles at least 
3 The paper describes the results of speotrophotometrio measure- 
ments of the Frannhofer Unes m the Corona spectrum Grotrian 
divides the Corona spectrum into two parts ; (1) the continuous spec- 
trum arising from the reflection of photospheric light by electrons, 

\ O.B. 196, 1B74 (1083). t Zs, J. Atlrophys, 8, 124 (1034), 
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anrl ( 2 ) Uio J^aiinhofor spootrum ariHing from tlio rofloolion of jiholo- 
flphoi’io light by cIuhL ])artiolo 8 

Lot 1)0 tho intomity of Iho Hpoctnim at Homo point in tho (Jorona, 
Jj,- tho inlonHity of tho continuouH H]to«ti’uin (1), J},, Uio intoiiKity 
of tlm ffratinlioioi* Hpoolrnm ( 2 ). li’in'thoi', lot «/),. bo iho contra L 
intouHilioH of a pavlionlar al)Horption lino in tho normal solar Hpoolrnm 
and ill tho total Hpoolrnm of tho (lorona MoaHiiroinoiit of tho contial 



Pia. a2 

inlonHltioa in tho 8im and Corona gives roapootivoly tho qviantifcios 

33uI J^i =~~ 

from wliioh wo docluoo that 

JMr^iOic"Os)l{l-Gjc) 

J'’or tho G lino, for oxaraplo, Orotrian finds G^f — 0"! 0, while Cx varioH 
from 0*08 to 0*81 ns tho distanco from tlio limb moroasoH from 0'(J' 
to 20'‘r. Orotrian’s rosults obtninod from Q, f/, 4, Mi A. and 4 ,046 A., 
aro given in tho following table 


Orolrim's Analysis of Ike Conlintious Speclmm of ike Gorona 
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III iilio last) lablo it may be noted that the ITrauiihofer spectivini 
IH inoio Hymmetncally distnbuted than the contimioub spectrum 
CJioiriau aitnbnlos the contmuous polarized spectrum to election 
aeattoring, and ho attributes the Fraunhofer speotium to scattering 
or rolloction by pai tides of dimensions at least 3 jit this spectrum is 
HuppoRod by him to be unpolarized On this theory the Sun is sur- 
loimdod by a symmetrically distiibuted doud of dust particles ivhich 
at gioator distaiicoa from the Sun are responsible for the zodiacal 
light. Clrotnan points out that the falhng off in intensity of tho 
zodiacal hght is oonsiatont with the very reasonable law that the 
intensity varies as (oosooe)*, where e is the angulai distance as seen 
I'l oin the Bai’lli. Changes m the form of the Corona and want of 


symniotry m the Corona, are attributed to changes m the electron 
Blroams issuing from the photosphere and gmng use to the contmu- 
ous Bpeotruni. The chief difficulty attached to this theory is tho 
] ligh lomjieratui o which a dust particle would attain m the neighbour- 
hood of the Sun, which would cause it to volatihze This has been 
jiointed out by Andoiaoiij and Bussell, ^ the latter givmg a formula 
4,060° (Ji/r)l for the temperature of a conducting black sphere at a 
distance r from tho centre, JR being the radius of the Sun 

It is not necessary to suppose that Grotnan’s dust cloud extends 
right lip to tho photosphere- what appears to he the inner Corona 
consists of particles which are almost in the hne of sight ivitli the 
limb. Tilvon so Moore’s observations of the expansion of the dust 
cloud aie a furfchor difficulty dust particles might he falling mto the 
Sun from cooler regions and resisting volatihzation for some time, 
but if tho material is issuing from the Sun or even bemg blown out- 
wards by radiation pressure (os Grotnau suggests), 
the radius at which sohd particles will be found wffi be farther out 
than tho limit at which inward faffing particles f 

On Orotnan’s theory the quantity Wk is identical with the ratao 

of unpolarized to polaiized hght, oi f 

Grotrlan finds equal to 0-23 at 6' 

10' fromtliohmb,whileMmnaart.redi8ous8mgYo^g3res^^^ 

0-36 and 0-60 for 2AKJi^-Jr) at these distances from the hmb, 

\ Zs /. 28, 290 (1024) 
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Theie is a general agreement as to order of magnitude between 
Grrotrian’s 'wliich refers to the eclipse of 1923, and values of 

determined at other oohpsos. 

Two expeiimontal tests of Giotiian’s theory remain to bo per- 
formed, tlie comparison of JpjJjc and 2Al{Ji-\-J^) at one and the 
same eclipse, and the observation whether the Jfraunhofer spectrum 
of the Corona is indeed identical with tho unpolanzed light of the 
Corona, as Grotiian supposes it to be Even if the lesults of these 
two experiments, ■which it may be hoped will be performed at an 
early eclipse, are favourable to the dust theory oi tho Corona, it will 
still have to face the difficulty of volatihzation at the relevant tem- 
peratures Tho nature of the Corona seems accordingly destined to 
remain one of the outstandmg puzzles of astrophysics during the 
next decade, 
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